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THE FLICKER RESPONSE CONTOUR TOR THE CRAYFISH I 

Bj W I CROZIER AMD ERNST WOLF 
{From the Siolopcal Laboralona, Harvard Unmrnty, Cambridie) 

(Received for publication, ilarch 1, 1939) 

I 

The flicker response contour for some typical arthropods exhibits a feature 
of particular interest With Anax‘ (dragonfly, nymph) and Apts’ (bee) 
the band describing log flash mtensity (/) vs flash frequency (F) for thresh 
old reaction to flicker is pronouncedly asymmetrical This has been at- 
tnbuted' to the statistically disadvantageous position of ommatidia at the 
ades of the markedly convex eye of these animals An arthropod m which 
this limitation does not exist because the surface of the eye is sirfliaently 
flat‘ gives a flicker response contour which is perfectly symmetncal A 
symmetncal curve is also provided by the responses of vertebrates such as 
Pswdemiip (turtle) and gecko* where the exatatory elements mvolved 
constitute a smgle population For these uncompheated cases the flicker 
response contour (F — Jog I) is properly described as a probabflity mtegral ' 
With most vertebrates the contour exhibits the duplex character assoaated 
with the possession of both reUnal rods and cones, the asymmetry due to 
overlappmg of the respective contributions to the F — log / curve is readily 
dealt with analytically • 

It IS consistent with the mechanical interpretation of the F — log I 
asymmetry m arthropods with highly convex eyes that the curve is appro- 
pnately made more symmetncal by occluding all but the center of the optic 
surface ’ It is also reduced by mcreasmg the proportion of light time to 
dark time in the flash cycle ,'* the theory" here calls for a greater probabihty 

’J Gtn PfryjiN , 1936-37, SO, 353 

• J Gtn Physiol , 1935-36, 19, 503, 1937-J8, 21, 223 

• / Gen Pkystol , 1936-37, 20, 353, 1937-38, 21, 223 
*/ Gen Physud^ 1938-39 22, 151 

’Proc. Hal Acad Sc , 1938, 24, 125, 216 / Gtn Phystol^ 1938-39, 22, 311 
•Proc Nal Acad Sc , 1938, 24, 216 J Gen Pkyswt , 1938-39, 22, 555 
’ Proc. Nat dead Sc 1937, 23, 71, 516 J Gtn Physiol , 1937-38 21, 313, etc. 

•j Gen PAyno! , 1937-38 21, 203, 313, dc 
•J Gm PAyrirf , 1937-38, 21, 223 
"J Gen PAyjw) , 1937-38, 21, 463 
"f Gen Physiol , 1937-38, 21, 313 
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of invohang marginally illuminated elements which can be concerned m 
e'^atation, although at the same time requinng a reduction m the frequency 
with which they can contnbute to the determmation of the end-pomt result 
{i c , response), so that F„,ax is then decreased 
The crustacean Uca (fiddler crab)*^ and the nymph of AeschnaP (dragon- 
gi\ e additional eiudence of the essential asymmetiy of the curve of vis- 
ual effect as a function of log /, the conditions of the experiments m these 
cases were such as probabty to increase the effect Similar mdications are 
contamed m the data on Drosophila,^* and m observations on the visual 
acuity and mtensit}’- discnmmation of the bee 

The asymmetry of the flicker response contour for typical large-eyed 
arthropods, and of the correspondmg curves for visual acmty, is thus seen 
to be modifiable accordmg to differences m the techmc of utffizmg responses 
to a moved system of opaque and illuminated stnpes, by changes m the area 
of optic surface open to fflurmnation, and by alteration of the hght time 
fraction in the hght c}'^cle It does not change as a function of tempera- 
ture The modification of as3'mmetry is m each instance consistent with 
the requirements of the view that the F — log I contour is fundamentally a 
s}mmetncal probabihly integral, in typical arthropods distorted by the 
fact that normall) the intensity required for response is, at lower flash fre- 
quencies, unable to act upon the full complement of potentially exatable 
elements because they are not adequatel}'- onented to receive sufliaent hght, 
the higher intensities required for higher levels of F in effect increase the 
usable area of the retina The formal completion of this general argument 
is pro\nded by the fact that neither change of area, hght time ratio, “ nor 
temperature'" alters the S3’^mmetr3’^ of the "rod” or "cone” curves for ver- 
tebrates 

To test the strength of this interpretation has seemed desirable, smce 
for a general theon, of insual responses such as ma3'^ depend upon probability 
considerations a \alid explanation must be provided for the exceptional 

Gci Flys ol , 1937-38, 21, 223 (p 239, data in Clark, L B , 7 Gen Phystol » 
1035-36, 19, 311) 

J Gcr PJ ysiol , 1937-38, 21, 463 (p 471, data m Salzle, K , Z verglcich Phystol , 
1932,18, 347) ' 

" Data m Hccht, S , and aid, G , J Gen Physiol , 1933-34, 17, 517 
" Hccht, S , and 3\olf, E , J Gen PI ysiol , 1928-29, 12, 727 Wolf, E, J Gen 
PI rc , 1932-35, 16, 407, 773 \\ olf, E , and Crozier, W J ,J Gen Phystol , 1932-33, 

16, 7S7 1035-36, 19, 503, 1937-38, 21, 223, 463 
'*7 Gcr PJ'.sic^ , 1936-37, 20, 393 

"7 Get P/,stc\ 1936-37, 20, 411 Proc Nat Acad Sc, 1938,24,216 7 Gen 

Pr, , 1938-39, 22, 795 
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cases not adhering to the probabihty integral Moreover, the interpreta- 
tion of the visual performance curves for arthropods requires a usable m 
terprctaUon of their peculiar form as contrasted with those for vertebrates. 
In makmg such a further test two points have been espeaally m mind 

1 It IS imphed that an arthropod with eye-surfaces more convex than 
those thus far used should exhibit m its F — log I curve a more pronounced 
asymmetry By suitable reduction of the ophc area it should be possible 
to reduce the asymmetry, an experiment of this sort is descnbed m a fol 
lowing paper 

2 For Apu, Aiiax, and Aselliis the standard deviation of dF/d log I, 
with Pmo. “ 100 per cent, denoted by (Fjo,; is so far as can be judged 
identical * This, of course, refers to the upper part of the curve, beyond the 
intensity at which the asymmetncal "discrepancy” vanishes Reasons 
already listed have shown why this function is taken to be the underlymg, 
fundamental description of the cumulative frequency distnbution of ele- 
mental eiatabihties. For vertebrates this quantity is a characteristic 
mvanant differmg markedly from one land of animal to another* • * 
and apparently deterrmned specifically by the relevant genetic constitution 
of the animal For both Attax^’ and vertebrates” is independent 
of temperature and of fractional hght tune m the flash cycle,” ” and for 
ilnoi* (and human also) it is mdependent of retmal area, it is clearly an 
mvanantof the type which rational physiological analysis requires andmust 
seek to be m position to invoke The quantitative agreement in 

for Anax, Apts, and Asellus (unlooked for and unsuspected when the 
experiments were made) is so close as to signify a common basis m the 
physical organization of these arthropods In view of other pertment 
evidence this is a remarkable state of affairs, which seems unlikely to be 
acadental * It could be true that arthropods with still more highly convex 
eyes imght show a different value of rr'a,/, particulariy if the eyes are 
earned on mdependently movmg stalks 

n 

A form convenient for these tests is the crayfish Camharus bartoni The 
eyes are here more convex than m Aiiax, for example With these animals 
several further types of e-xpenment are possible For the stock involved 
the data of Table I may be taken as a norm, with which (under control by 
check observations) the results of certam experimental treatments will 
subsequently be compared 

* ■ (In TTiHn there is some evidence to suggest that It may change shghtly but system 
aticaDy with age also ) 
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In(ii\aduals 2 5 to 4 cm long were selected from a large number bemg raised m the 
kboratorj Larger mdi%uduals tend to be less consistently active They were kept 
in separate dishes and fed regularlj” with dned shnmp and Elodea The same 10 cray- 
fish, with identify mg numbers, were used throughout The techmc of preparation and 
obser\ ation was the same as that recorded m our earher papers After dark adaptation 
for se\eral hours at 21 5°C , threshold reaction to visual flicker was observed at this 
temperature, emplo 3 'mg measurements of critical illummation m the flash at vanous 
fixed flash frequenaes The flash cycle used had equally long hght and dark intervals 
^Mth slowlj' increasmg mtensitj’’, the first defimte progressive motion is taken as mdex 
of the desired end-point, movement of the antennae is too uncertam for this purpose 
The reaction consists m walking movements m the direction of motion of the stnped 
cj hnder This occurs v erj’' quickl> when the threshold mtensity has been reached 
If the era} fish is at the center of its jar movements of the antennae occur first, then 
flexion and extension of the claws, and finally progression The sequence of these three 
mo\ ements is rapid, so that with an active individual they can come at apparently the 
same time If the Caviharus is at the wall of its jar and facmg m the direction of the 
stnpe motion, v alking begins once threshold I is reached, if facmg in the opposite durec- 
tion, movements of anteimae and legs are the first signs of reaction, tendmg to push the 
ammal backward In some cases a crayfish in the latter position tends to turn around, 
toward the wall of the jar A Cambariis onented radially in the jar, with the head end 
against the vail, will occasional!}' show first of all a response involvmg merely move- 
ments of the clavs, folloved bj turning and creeping in the direction of motion of the 
stripes The measurements of critical intensitj' for response were chiefly based upon re- 
actions of animals not close to the wall of the contaimng jar, but in fact no real dif- 
ferences are found vhen usmg the other modes of response desenbed 

In \acw of the diurnal cycles of retmal activity found in crustaceans,*® involving 
mo\ ements of retinal pigment, it is to be noted that readings were taken, at several 
flash frequenaes, dunng nud-aftemoon hours onl> 

The obsen ations are collected in Table I The 10 craj'hsh used form a 
homogeneous^® lot, m the sense that the relative sensitivity of each indi- 
^^dual IS randoml} distnbuted in time and shows no correlation m succes- 
si\ e tests on the same day, the difference between extreme mean rank order 
numbers of 2 lndl^ iduals = 3 1 X P The dispersions of the cntical 

intensities are of the same order as found in AscJli/s* but are a httle smaller 
The scatter of the determinations of cntical intensity is directly proportional 
to the mean (Tig 1) 


m 

The F — log /r. curse for Can barns is markedly as^Trimetnc (Tig 2) 
The rclc'i-'c distortion of the curve is greater than wnth bee and dragonfly 

” J G^r Pi nP , 103&-37, 20, 211, 363-393, 1937-38, 21, 17, etc 
V. ekh, J H , Prc' Xc‘ Aced Sc , 1930, 16, 386 Biol Bull , 1936, 70, 217 Under 
coca t 0X5 o cci ' darkness diurnal migrations of retinal pigment occur m Gam- 
ier jc ako, as D’ ckh has kindlv informed us on the basis of his recent vork. 
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nympli (Fig 3) This was expected (section I) on the basis of the greater 
curvature of the retinal surface of the crayfish 
On a probabflity gnd (Fig 3) the sharp breaking of the curve at log 7* 
= ca 1\ separates the function into two parts below this level there is 
wide departure from the course of the curve fitting the upper portion of the 
data. The departure is of exactly the same kind as with bee and dragonfly 
larva The agreement m the general form of the distorted part of the curve 


TABLE I 

Mean enfleaj flash Intenatic*, with the probable errori of the dispersions, as log /» 
and log millilaniberts for various flash frequenacs {F per sec.), for Camhcnis 

bariom Flash cyde with equally long dark and light penod, ijh " 1 temper 
ature - 21.5® At each F, three observations on each of the same 10 individuals used 
at all points. The individuals are shown to be an essentially homogeneous group 
{fet text) 


p 
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4 3462 
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8 sm 
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8 6816 

4 8320 

86 

a 7744 

3 2862 

SO 

8 9443 

2 9294 

S6 

i 1014 

3 I486 

40 

I 3584 

5 8599 

43 

i 8434 

5 9375 

46 

i 9383 

2 2167 

47 

0 8997 

5 7560 

is 

0 6280 

T 0103 

49 

0 6786 

I 0178 

60 

1 6448 

0 2579 


(Fig 4) can scarcely be fortuitous It finds a rational explanation m the 
increasing probability of the involvement of marginal ommatidja as the 
critical mtensity is increased through elevation of F, the disadvantage of 
the marginal ommatidia is due to the mechanical conditions affecting their 
reception of hght, and not to an mtunwcally lower eiatabihty * 

The slope of the fundamental curve (Fig 3) is measured by the 

standard deviation of the frequency distnbution dF/d log / w log / (with 
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log Ijn 

Fig 1 The dispersion (P E ui) of the determinations of cntical intensity for reaction 
of Can bar is to %nsual flicker is directly proportional to the mean cntical intensity 
Data m Table I 



2 


1 




F;r 2 The = grro d rebtion befsveen log /„ and f for Camlarus (Table I) The 
C-*' e 1 = ro* ' mmc^cal (see Fig 3) 
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= 100 per cent) The fact has been commented upon* that this quan 
hty IS the same for such different animals as bee, dragonfly nymph, and 
isopod For Cambanis it is clearly much greater (Fig 3) This signifies 
that the frequency distribution for the eiatabdity thresholds of the neural 
elements concerned is more widely spread It may be entertamed as a 
suggestive possibdity that the great curvature of the optic surface, perhaps 
combmed with the position of the eyes upon mdependently movable stalks 
as contrasted with the condition m Anax, AseUiis, Apts, contnbutes in a 



Fro 3 The F — log /■ data for Cambarus (Fig 2) Bhown upon a probability gnd 
The departure below co 74 per cent of is discussed m the text 

deaaive way to a statistically greater spread of the curve by mcreasmg the 
possibihty of moment to-moment fluctuation m the effective thresholds 
of mdividual ommatidia 

These considerabons apply to j , and for different animals it is to be 
noted that there is no correlation to be found between the absolute values 
of and other properties of the flicker response contour For Anax, 
under the same conditions of observation, =■ 60 9, for Canibanis, 

50 3, yet the “break” m the F — log / curve comes at preaselj the same 
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level of intensity and of 100 F/Fnax (Fig 3), for Aprs (b 
ent method of observation)^^ the break comes at preaseb 
level of F (Fig 3) 



Fig 4 The slope of the probability integral expressing the ' 
for Carrhartis is less than for Apis and j4>;ax and AscUus, the f 
1/ ax and i/>J5 is essentially the same, but separated by 1 22 un 
this slope IS identical with that obtained for the uncompheated cui 
parati\ch flat-cjcd IscUits* The shape of the discrepant parts 
discussed in the text, is very nearly the same 

In terms of the anah sis v e are engaged upon, Fmaz is 1 
measure of the total number of neural effect units capable 
the discnmination of flicker The cunous fact that 
IS for a great \ aneU of forms (dark adapted) confi 


= J G'" PI sc\ 1037-38,21, 27 
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lively very narrow range of values (■= 48 to 63) has been commented on,” 
howc\er, in one animal (gecko*) this parameter is as low as 27 per second 
The properties of the curves for different forms can be compared, however, 
onlj after reduction to a percentage scale (F„, — 100) For sundry con 
vex ejed arthropods upon which data ore available — Apis,' “ Anax,’ 
Uca,' Drosophila " — as well as for the present data on Cambarus, the rate of 
increase of the slope dP/d log I increases up to F = ca 70-74 per cent of 
{of Fig 3) This fact of itself suggests that a common physical factor 
IS responsible for the pccuhar form of the curves The deduction is rein 
forced bj the consideration that (Fig 4) the form of the “discrepant” 
portion of the F — log / cun, e, responsible for the asymmetry of the contour 
as a whole, is remarkably similar If the common physical factor is taken 
to be the convexity of the optic surface (and consequcntangulardivergence 
of the ommabdial axes) the congruence of the (non-specific) forms of the 
“discrepant” portions of the several curves m Fig 4 is readily accounted for 
The form of the F — log 7 curve in the region of lower cntical mtensities 
13 thus explained by the fact that, F being made greater, a higher cnbcal 7 
IS necessitated, which makes possible the mvolvement of a larger number of 
receptor units— the effective area of the eye is therefore mcreased — and 
the relative rate of mcrease of cnbcal intensity per umt increase of F is 
therefore less than if the factor of ommaUdlal angular divergence were not 
mvolved 

The position can be further checked by mvesbgatmg the effect of mter 
nally isolabng the ommabdia by utilizmg the migrabons of rebnal pigment 
mduced by hormones acbng upon crustacean chromatophores, as discussed 
in a succeedmg paper” 

The final fact to be recognised is that m these data the value of , 
for the “fundamental curve” (^ Fig 3) is defimtely greater than for Apts 
and Atiax, and than that for Aselliis (no asymmetry) The stabsbeal con 
cepbon of the mvolvement of exatabon elements in the detenmnabon of 
response rather distmcdy calls for tbis findmg in the present case The 
opbc surfaces of Camiariis are not only more convex, but the two eyes are 
independently movable A wider vanety of chances is thereby presented 
for the phobc exatabon of the various peripheral umts This imphes a 
higher value of j , such as Fig 3 demonstrates The conclusion can 
be checked by measurements with other crustace an s ** 

"J Gen Pkynd , 1936^7, 20, 393 

” Crorier W J aad WoK E 1939, BM Butt TT, 126 

** The visual acuity data with the fiddler crab Uca (Clark, L. B,, F Gen Pkystol , 
1935--36 19, 311) were obtained by means of tests with a sinile moving stripe. This 



FACTORS LIMITING BACTERIAL GROWTH 
VI Equations Describing the Early Periods or Increase 
By A D HERSHEY 
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o] Medicine, St Loins) 

(Received for pubbcatlon. May 27, 1939) 

By experiments Involvmg direct measurements of size and growth rate 
of Bactersum colt m nutnent broth (1-3), evidence has been obtamed 
for the followmg assumptions regardmg bactenal growth 

1 Measured as increase of bactenal substance, growth occurs at con 
stant rate under conditions we wish to consider ' 

2 There is a latent penod (L) dunng which the average cell undergoes 
no multiphcation, but steadily mcreases m size to a maximum, the maxi- 
mal average adult size (5„) This size is characteristic of the speaes, but 
IS affected by influences similar to those affectmg the rate of groTrth. 

3 At the end of the latent penod, the average cell abruptly divides into 

two equal daughter cells, which in turn mcrease m size to the same maxi 
mal value before undergomg fission to produce the second generation 
After the latent penod Is passed, therefore, the size changes 5,/2 5. 

prevail, and the rate of multiphcation is numencally equal to the rate of 
accretion 

4 The individuals of a culture do not behave exactly as the average 
cell behaves (chiefly because of differences m initial size), but exhibit prop- 
erties distnbuted symmetncally about the mean ’ Thus the first division 
of the average cell is preceded and followed by an equal number of first 
divisions of other cells, fewer m number as they occur further in advance 
or arrears of the mean As a result the rhythm of divisions of the ma 
jonty IS soon masked by the divisions of precoaous and backward cells 
Smee the culture now contains cells distnbuted at random m all stages of 
fission, the average observed size (5o) will be three fourths of the average 

* For Bacterium cell nutrient broth cultures containing 1 to appromnatelj 10’ 
organmna per mL, with carbon dioxide available, and oxygen In excess. 

’ Or, not improbably, stewed. But the uccuiacy of the data to be considered does 
not srarrant milnn g this distinction 
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xmal adult size, until altered by changing environmental orcum- 
ices 

nly the first of these assumptions is entirely new Regardmg the third, 
evidence is contradictory Jensen (4) noted that once a given cell had 
ded, it contmued to do so for a time at a constant rate Others (5, 6), 
the contrary, have observed the successive shortemng of generation 
; durmg earty cell divisions which the concept of lag (if apphcable to a 
Je cell) imphes However, microscopic observations are almost neces- 
l}’- hmited to cultures on sohd mediums, where significant changes m 
uonmental conditions conceivably take place from generation to gen- 
lon If only for this reason, it appears justifiable to consider by 
nselves the results obtamed with the present methods 
a what follows we are seeking more ngorous quantitative test of the 
imptions outhned above, than was provided by the imderlymg expen- 
its 

)urmg the latent penod, if the number of cells be considered con- 
it (Bo), the mcrease m average size from So to Sa occurs at constant rate 
;n 



sgratmg between the limits So and Sa, 


(l = 


1 , Sa 
K^To’ 


( 1 ) 


ire 


/£, = net tune m hours occupied by growth m size 
K = fractional mcrease m size per hour 
Sa = average adult size 
So = average mitial size 

liter aU the cells have divided, the average size Sa remains constant, 
I the cell numbers mcrease at constant rate K Therefore 


d on integration. 
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where 

/ " net tune occupied by increase in numbers 
K — fractional increase m numbers per hour 
B — final numbers of cells 
Bt — initial numbers 

But 


(t + f * total dapted time / 

Substituting (l) and (2) into the above 


and 


1,5 .1, B 

k'^s.+k^b,-' 


But, 


Then 


In B “ In B® + ^ / *— In *“ 

St 


log B — log B« -h i/ / loj 2 — Jog St/St 


(3) 


Equation (3) predicts bacterial numbers expected at any time alter the 
end of the latent period Under given conditions of cultivation, M and 
5. are constant and B vanes only with Be, t, and St 
The value of ft (equation 1) is not measurable expenmentally But an 
expression for the latent penod (L) representmg the time required for 
growth in size from St to 5«, is denved m a similar way Thus 


Since, from postulate (4), 


L 


4/3 5 
1 45 

if log 2 35, 


(4) 


where if is the redprocsl of the generation time as given by the equation of Buchner 
(7) if IS defined, accordingly, aa donblings per hour, or as generationa per hour where 
growth proceeds bj binary fission 
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Equation (4) refers to the latent penod of the average individual cell 
For expenmental purposes, therefore, L may be defined as the time re- 
quired for 50 per cent mcrease m numbers, if it be assumed that the dis- 
tnbution of times of first division of mdividual cells is normal Under 
given conditions of cultivation, L should vary only with 

TABLE I 

Observed and Calculated Latent Period 


1 4»S 



Source culture 


Log* 

bacte- 

iial 

Nos 

(log 

Bo) 

Rate * 
of 

accre- 

tion 

m 

Initial 
aize (5o) 

Aver- 

age 

adult 

aize 

ISa) 

Lf obs 

L} obs 

L calc 
equa- 
tion 
(4) 





dou- 

X KT’ 

X io-> 






‘C 

ftr ml 

Hings 

mm * 

mm * 

krs 

krs 

hrs 




hrs 


cell hr 




1 

Bact dysenteruie^ 

37 0 

3 99 

2 5|1 


13 2|| 

1 77 

1 78 

1 76 

2 

“ “ 1[ 

tt 

3 74 

tt 


tt 

1 20 

1 37 

1 23 

3 

Bad coll** 

tt 

5 92 

3 111 

15 1 

16 111 

0 19 

0 19 

0 16 

4 

“ “ § 

tt 

3 72 

tt 

0 85|| 

(( 

1 5011 

1 51|| 

1 51 

5 

“ “ tt 

tt 

3 62 

tt 

2 4|| 

(( 

0 99|| 

1 0211 

1 02 

6 

(( <( 

32 5 

4 15 

2 4 

tt 

15 8 

1 32 

1 32 

1 31 

7 

tt tt 

28 0 

4 54 

1 4 

tt 

14 6 

2 18 

2 15 

2 16 


* Average of counts made pnor to first sustained 10 per cent increase 
t Time required for SO per cent increase in numbers 

t Average oi L = t — nG for three or four successive generations, t = median of 
cell divisions, n = number of generations, G = 1/M 
§ Day old aerated broth cultures 

11 Indicates average values, otherwise single expenments 
^18 hour agar slopes 

** 3 hour broth culture Equation (4) does not strictly apply to this case Equa 
tion (3) should be used See defimtion of "L” above 
ft Day-old stationary broth culture 

^■0 and Sa are expressed in terms of oxygen consumed at zero time in broth See 
Methods 

These equations, therefore, describe the sigmficant aspects of the growth 
and multiphcation of any orgamsm growing at constant rate and dividing 
by bmary fission If growth rate and net change m size are known, the 
latent penod and the course of numencal mcrease can be predicted For 
testing the assumptions outhned above, we have chosen to use the equa- 
tions (3) and (4), since these are contmgent on aU the assumptions made. 
























+ if/Iog2 -logS^/So 

Lines connecting points are the eipenmental curves The broken Imca show the 
course of the cnlc^ted numbers Arrows beneath the curves indicate the end of 
the observed latent pcnod 

Values substituted in equation (3) end the conditions of the various experiments, 
are given in Table I 
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iiid since measurements of B and L emplo}* no nevr methods All experi- 
nents have been earned out Trith Baclerium coli, excepting a ferr with 
Baderviv^ d'isevienae (Flexner) 

The hrst problem we have considered is whether the growth of bacteria 
horn voung and old cultures, which are known to differ remarkabl}* m size 
ind latent period, is predictable from our hj-potheses That their growth- 
rates are substantial!}' the same, can be regarded as established b}' the ex- 
periments recently published (2) The data given at that time fit equa- 
tion (o) by definition, since the same measurements were used to compute 
fize and growth rate Xothing is to be accomplished, therefore, by re- 
examination of those data, which leave m question only the vahdit}* of the 
methods used 

This question is best answered by extendmg the observations to a con- 
siderable portion of the population cur\'e, and assigning fixed average \’alues 
to the postulated constants Xew obseiv'ations have accordmgl}' been 
made, using conditions imder which the rate of accretion and the imtial 
size ^-aned independently over a considerable range Bnefly, it was found 
that the latent period could be accurately and reproduabl}* measured, and 
that equation f4j satisfactorily predicted the times observed (Table 1) 
In the same experiments, the course of the numbers curue was accurately 
predicted by equation (3j in most instances (Fig 1) 

■\Miether the agreement obtamed should be accepted as complete \nndi- 
cation of our assumptions remains, of course, a matter of opinion Cer- 
tainly then approximate truth has been established, as well as ma}’’ be by 
measurements that are approximately correct- 

An additional confirmation of h}'pothesis is given by the observation 
that population cur\'es obtained with cells from aerated cultures (expen- 
ments 1 and 4, Fig 1) show an abrupt transition from the latent penod 
to the phase of loganthmic increase, as compared with cells from sta- 
tionar}' broth or agar cultures (experiments 2 and 5) This pecuharit}’’ is 
less dear m cun'e 1, but has been obseived in several additional experi- 
ments not shown It is correlated with the remarkable uniformity of 
size revealed by microscopic examination, and perhaps by fractional sedi- 
mentation (3), of the aerated cultures, and should probably be referred to 
the homogeneous en\'ironment m which these cultures develop The 
smaller absolute size of cells m aerated cultures is almost certainly the 
result of the \'irtually complete oxidative removal of food materials under 
these conditions 

Another obseiwation beanng on the fundamental question of regulation 
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of size IS that decreasing the growth rate by lowering the temperature di 
minishes the maximal size reached by Baclenum colt Simllarlj , Bacterium 
dysettlertae apparently undergoes a smaller net change m size under the 
same conditions than the more rapidly growing organism These sug 
gestions are based on limited observations In general it must be con 
eluded that the mechamsms underlymg the ohsened mterdepcndence of 
growth rate, characteristic size, and environmental conditions (2), are 
unknown 

The values given in Table 1 include all measurements of L not previ 
ously reported Experiment 4 represents the mean of three tnals (L = 
1 45, 1 53, and 1 53), experiment 5 of two (L ■- 0 95 and 1 02), the re- 
mainder are smgle observations The data of Fig 1 are also unselected, 
except that curves shown m the case of the dupheated experiments are 
those m which countmg was contmued longest 

Methods 

The methods used were essentially those already reported (2) Popula 
tion curves were obtamed by agar plate dilution counts, usually made at 
15 minute mtervals for accurate measurement of L Edutions were made 
in sahne, with vigorous shaking, suhSaent plates bemg poured to give 250 
or more countable colomes (50 to 300 colomes per plate) Experimental 
vanation has been reduced to an average of less than 10 per cent Further 
improvement is apparently not feasible. Counts were convemently made 
from cultures seeded with about 10* orgamsms per ml The latent period 
obtained is little or not at all affected by the size of seedmg withm tlje 
stipulations noted (page 11) All cultures were meubated m a tern 
peratureoontrolled water bath A recording plate counter (8) was 
mdispensable. 

Average values for the postulated constants, M and S , were used m all 
calculations In the two experiments at the lower temperatures, these 
are averages of values observed at different times throughout the course of 
mdividual nephelometric experiments, m ail others, they are averages of 
values obtamed m numerous earher experiments, for the most part mano- 
metne 

In current practice, min or techmeal improvements have been mtroduced 
leading to increased accuracy, particularly with the manometnc method 
For routme work, cells grown in day^ild aerated broth cultures are bemg 
used to advantage, because these cultures arc mcapable of further growth, 
the oxidizahle material available to the ce l ls havmg been exhausted- 
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Aliquots of these cultures, for example, will give identical values for initial 
rate of O 2 consumption whether the period of equihbration is 20 minutes or 
an hour or more, pnor to addition of fresh broth Under the same condi- 
tions, the effect of oxygenation on stationary cultures is to imtiate further 
growth, with or without added broth Size is, therefore, measured nephel- 
ometncally, or after removmg the cells from the culture medium 

The error resultmg from inhibition of growth by removal of carbon di- 
oxide durmg growth rate measurements (2) is largely avoided by placmg 
the ahquot of the growmg culture m the vessel for equihbration before add- 
mg the KOH The vessel is then bnefly removed from the bath for this 
purpose, after which readmgs can be made m 5 or 10 mmutes 

The nephelometnc method does not appear to be apphcable to estima- 
tion of bacteria m day-old aerated cultures, givmg values too high m rela- 
tion to the viable count The nephelometnc mdex of size for these cul- 
tures is about 1 0, while the manometnc size (0 85 X 10“'^ mm Vcell hour) 
represents an mdex of 0 35 (1 0 = 2 4 X 10“'^ mm YceU hour) Smce the 
latter figure agrees with microscopic observation,^ we have given credence 
to the manometnc value Whether the excess turbidity is due to non- 
bactenal sediment, or dead bactenal cells, we have not determmed In 
either case, it could be expected to mvahdate mtrogen determmations as 
well as optical measurements 

Improved measurements of growth rate with our stram of Bactertum colt 
at 37° C have consistently given values between 3 0 and 3 3 doubhngs per 
hour, with an average of 3 1 (formerly (2) 2 8) This mcrease cannot be 
attnbuted to changes m the organism itself Values for O* consumption 
given m this paper are based on new cahbrations of the apparatus Values 
previously reported are 16 per cent lower This change is, of course, with- 
out effect on the values M and SJSa 

* Mudge and Smith (9) report that Bacterium colt m aerated cultures is approxi- 
mately one-third the length, at 24 hours, of the bacilli m stationary cultures This is m 
accord with our own observation that the former are cocci, the latter bacilh about 
three times as long as broad, whose breadth equals the diameter of the coca Com- 
puting the volume of the bacillus as that of a cylinder 1 X 0 5 microns plus two henu- 
spheres radius = 0 25 micron, the ratio of the volume of the bacillus to the coccus is 
5 0 The corresponding ratio of manometnc sizes is 2 4 to 0 85, or 2 8, of nephelo- 
metnc sizes only 10 It may be recalled here that sizes reported by us are ultimately 
referred to mtrogen per cell, and presumably to volume, a bacillus about 15x05 
microns = nephelometric index 1 = 2 4 X 10“* mm ®/cell hour = 3 5 X 10“ii mg 
mtrogen per cell, it bemg necessary to establish the validity of each method for each 
new condition studied. 
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SUMUAEV 

Simple assumptions have led to equations by which the latent penod m 
multiphcation and the bactenal numbers expected at any time durmg 
the phase of rapid growth may be predicted 
Experimental data obtamed under rather diverse conditions have given 
satisfactory agreement with calculated values Smce the mathematical 
expressions contam no arbitrary constants, more than acadental signifi 
cance must be attached to this agreement 
The hypotheses set forth appear completely to desenbe the early de- 
velopment of Badertum colt and Badennm dysentenae m broth, without 
postulatmg differences other than size among mdividual cells, or cells 
obtamed under different conditions 
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I 

DJTRorrucnoN 

Regeneration of visual purple in solution was onginally observed by 
KUhne (Ewald and KOhne, 1878) It was not until recently that it was 
again rejxirted by Hecht, Chase, Shlaer, and Haig (1936) They found by 
measuring density cha n ges at SOO mp with Shiner’s photoelectric spectro- 
photometer (Shlaer, 1938) that regeneration occurred only after about 85 
per cent of the visual purple ongmally present had been bleaehed and that 
it was maximal m solutions of pH about 7 7 Hosoya (1938) has reported 
that under certain conditions visual purple can be made to regenerate m 
solution after only a relatively small percentage of it has been bleached 

It IS known that at neutral and acid pH’s the photic decomposibon of 
visual purple results m the appearance of other colored compounds (Weigert 
and Nakashuna, 1930, Chase, 1936, Lythgoe, 1937), one or more of which 
become colorless at a rate dependent upon the temperature (Hosoya, 1933, 
Wald, 1937, Lythgoe, 1937) Smce visual purple regeneration is measured 
optically, the presence of such additional color changes would comphcate 
and perhaps mask the changes of visual purple itself at these pH’s Because 
this effect becomes greater m more add solutions, it was apparent that pH 
7 7 might not be the true maximum for regeneration 

We have extended the mvestlgations aheady reported by examining m 
detail the effect of pH on regeneration, takin g mto consideration the forma- 
tion and disappearance of colored decomposition products, and makmg the 
measurements m such a way as to minimize the compheatmg factors that 
are present m neutral and shghtly aad solutions We have also mvesti- 
gated the effect of wave length of the bleachmg hght, as well as that of 
temperature during extraction 

We have secured data which give information about the course of the 
regeneration reaction m solution by measurmg the absorption spectrum of 
solutions during regeneration, and have made some mvestlgations mto the 
kmebes of the chemical reacbon which controls the process. 

* This work was aided by a grant from The Rockefeller Foundation 

21 


VISUAL PURPLE REGE3SIERATION 




n 

Materials aitd Methods 

The visual puiple was obtained from frogs (Rana pipiens) freshly received from 
Alburg, Vermont In general, the methods of extraction were as already descnbed 
(Chase and Haig, 1938) The retinas were usually hardened by immersing in 4 per 
cent alum solution for 2 hours before being put in the extractive, although this step was 
omitted in some cases Unless otherwise specified, the extractions were made at room 
temperature, 20 to 24°C All centnfuging was done at 6°C , in order to mimmize 
decomposition of the visual purple dunng the periods of to 3 hours in the centrifuge, 
whose temperature often reaches 30° or slightly higher if no effort is made to prevent 
its nse 

About 12 to 16 retinas were used for each milliliter of the extractive Either 4 per 
cent purified bile salts solution or 2 per cent digitalm solution (digitalm cryst , Eimer 
and Amend), was used, usually the latter because of its greater freedom from bactenal 
growth The resultmg solution, after addition of 20 per cent (by volume) of buffer 
solution, had an optical density at 500 rafi of about 1 8 m a depth of 20 mm The solu- 
tions were always used as soon as possible after their preparation m order to prevent 
artefacts caused by changes which take place upon standing, even at low temperatures 
In most cases the solutions were not more than 48 hours old, often not older than 24 
hours 

A speaal absorption cell was used which held onl}' 2H to 3 ml of solution and had an 
optical depth of 20 mm The cell was rectangular and its mtenor cross-sectional area 
was only shghtly greater than the cross-sectional area of the monochromatic measunng 
beam of the spectrophotometer 

In all our measurements we used Shlaer’s photoelectric spectrophotometer (Shlaer, 
1938) The data are given as photometnc densities, these are equal to log {h/h) 
where Jo is the mtensity of the incident beam and It that of the beam transmitted by 
the solution The photometnc density is directly proportional to the concentration of 
absorbmg substance in the solution 

As has been already shown (Chase and Haig, 1938) it is essential when studying the 
effect of any vanable on the behavior of visual purple in solution, to use identical samples 
of one extraction of visual purple This practice was consequently followed m the 
experiments to be reported Each extraction was divided into several samples and 
these samples were then treated and measured at the same time, or as nearly the same 
tune as possible — usually withm 1 day — so that the solution itself should not undergo 
changes between measurements on the different samples 

m 

Effect of Duration and Wavelength of Exposure 

Photic decomposition of visual purple at neutral and acid pH’s results in 
the formation of a yellow matenal which itself fades to a more or less color- 
less condition (Hosoya, 1933, Wald, 1937, Lythgoe, 1937) Therefore, 
when stud 3 ang visual purple regeneration it is necessary to lUurmnate for a 
suffiaently long time to allow the yellow matenal imtially formed to bleach 
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before the regeneration measurements are begun Otherwise the density 
change measured will be the algebraic sum of a decrease m density caused 
by the fadmg of yellow color and an increase m density caused by regenera 
bon of visual purple, with the result that the visual purple regenerabon 
will appear less than it actually is and the shape of the regenerabon curve 
win not be significant as far as visual purple is concerned. 

Fig 1 illustrates this effect under extreme conditions which favor its 
appearance Two samples of visual purple solubon, one of pH 9 9 and the 
other of pH S 2, were lUummated for S seconds with a photoflood lamp at 3 
mches distance and their density at 480 m^ was then measured for 2 hours 
m the dark. In both samples the density decreases dunng the 2 hour penod 
but the total density fall is about 10 times as great and its rate much less 
m the aad sample than m the alkahne sample The fadmg of this decom- 
posibon product is of course less of a factor m regenerabon measurements 
when the exposure bme is longer All of the exposures used m the experi- 
ments to be reported were therefore of long durabon (3/4 to 1-1/2 hours) 
as contrasted with the 10 rmnute exposure bme used earher (Hecht, Chase, 
Shlaer, and Haig, 1936) 

It has already been shown (Chase, 1937) that the spectral content of the 
bleachmg source greatly influences the subsequent visual purple regenera 
bon If the flluminabng source contains blue and violet much greater 
regenerabon follows the bleachmg than when these wavelengths are lacking 
This was demonstrated bj dividmg a visual purple solubon into two samples 
and bleachmg one with light contaimng only the longer visible wavelengths 
while the other was bleached with hght from the short wave part of the 
visible spectrum Although the two sources were adjusted m mtensity to 
be equally effecbve for bleachmg the visual purple m the solubons, much 
more regenerabon occurred m the sample bleached by the source containing 
the blue and violet than m the other sample Moreover, m the sample 
bleached by the blue and violet source there was a much greater density 
decrease at the shorter wavelengths dunng the illummabon than there was 
dunng the lUumlnabon of the other sample with hght contaimng red, 
orange, and yellow This latter sample, upon being re-iUuminated, but 
this bme with blue and violet hght, showed a considerable decrease m den- 
sity at the shorter wavelengths and, after the hght bad been turned off, 
regenerated as much as the other sample had done These results indicated 
that visual purple solubons contam a photosensibve substance whose 
breakdown by hght is necessary before visual purple regenerabon can take 
place An experiment of the sort described is illustrated m Fig 2, where 
density is measured at two wavelengths on two samples. 
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Fig 1 The fading of two visual purple samples measured at 480 after a 5 second 
exposure to a photoflood lamp The decrease m density is less but much faster at the 
more alkahne pH In regeneration studies, illumination must be sufficiently long to 
allow these processes to complete themselves before density measurements are begun 



Fig 2 Influence of the color of the bleachmg source on visual purple regeneration 
The sample on the left was bleached with predominantly blue and violet light, it shows 
distinct regeneration, both at 500 m/i and 450 m/i The sample on the nght was bleached 
with light which lacLed blue and violet, it shows only slight regeneration at 500 m/x 
and fadmg at 450 mp A second bleaching of the latter sample with blue and violet 
light causes a large density decrease, particularly at 450 mfx, and a subsequent regenera- 
tion as great as that given by the sample shown on the left 
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It was possible to obtain an approximate measurement of the absorption 
spectrum of this photosensitive material by considering the visual purple 
regeneration which followed bleachmg with different wavelengths as a 
cntcnon of the absorpbon of these different wavelengths by the unknown 
photosensitive substance Identical samples of a visual purple solution 
were bleached with white hght filtered by four different Wratten mono- 
chromatic filters, Nos 73, 74, 75, and 76 By means of neutral filters the 
mtensity of these colored sources was adjusted imtil they were equally 
effective m bleaching a sample of the visual purple solution identical with 
those used m the experiments When the effective intensity of the colored 
sources had been equalised m this way, each one was used to illummate a 
smgle sample of the solution for 3/4 of an hour and the amount of regenera 

XABLE I 

Influence of WattJengtk of Bleachng Light on Suiiequcnt Hegeneralion 
The sources were adjusted to be equally effective m bleachbig the visual purple. 
Exposure time waa 45 minutes for the wavelengths isolated by the Wratten filter* 
The regeneration values given are per cent of density change at 500 m/i The pH 
was 7 6 
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tion that occurred was measured at 500 m/i m each case The results of 
two such experiments are given m Table I The values are per cent re 
generation, calculated as density regenerated at 500 m/i divided by the den 
sity at that wavelength of the visual purple ongmally present The values 
given for the bleachmg wavelengths represent the centers of the fairly nar 
row spectral bands transmitted by the so called monochromatic filters 
Although the per cent of regeneration that occurred m these experiments 
was small (probably because the bleachmg mtensities were hmited by the 
low transmission of the filters), the differences m per cent regeneration 
foUowmg the vanous illuminations are quite significant, and leave no doubt 
that the substance whose photic decomposition is responsible for visual 
purple regeneration has an mcreasmg absorption toward the shorter wave- 
lengths and 13 consequently yellow in aalor This yellow substance may 
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be a decomposition product of visual purple itself It is also possible that 
a flavm — known to be present in the eye — ^is involved, but we have so far 
not been able to demonstrate this Granit and Wrede (1937) have postu- 
lated, as a result of analysis of electroretinograms, a pigment or receptor 
in the frog’s eye which reacts specifically to blue and violet hght, so it is not 
impossible that this photosensitive yellow pigment may have a r61e in 
vision apart from aiding visual purple regeneration 

rv 

Effect of pH on Regeneration 

In measunng regeneration of visual purple solutions at different pH’s 
we used three different visual purple extractions, each one furmshing three 
to SIX samples These samples were adjusted to the desired pH values with 
Clark and Lubs buffers (Clark, 1928), made up to be 0 4 m They were 
added to the visual purple solutions m the proportion of one part of buffer to 
four parts of solution, by volume The pH of the resulting solutions was 
checked with a glass electrode A 500 watt projection lamp at 10 inches 
served as the bleaching source This msured adequate energy, and a 45 
minute exposure allowed most of the intermediate yellow color to disappear 
before the regeneration measurements were begun A heat-absorbmg 
glass filter was interposed between the lamp and the solution 
The density of each solution was measured m the dark for three-quarters 
of an hour immediately followmg the lUummation Measurements were 
made at three wavelengths, 440, 500, and 560 m/i Because the transient 
yellow materials in the solution absorb only shghtly, if at all, at 560 m/t, 
the density changes at this wavelength were taken as representative of 
visual purple regeneration After measuring regeneration for 45 mmutes, 
the solutions were illummated for 15 mmutes more and agam measured to 
make sure that the density change which had been observed was really 
caused by the buildmg up in the dark of photosensitive substances and not 
simply by increases m turbidity or other artefacts 
The density values at 560 m/x following the illumination were plotted 
agamst time m the dark and smooth curves drawn From these curves 
were taken the density values for 5 minutes and 30 mmutes m the dark so as 
to avoid errors of extrapolation, and the difference between these two values 
was taken as a measure of the regeneration that had occurred at any given 
pH 

Because these samples were from three extractions of different visual pur- 
ple concentration, they did not show the same amounts of regeneration 
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Each set of samples was therefore used to construct a single curve showing 
the relation between pH of the solution and visual purple regenerated 



Fig 3 Effect of pH on the regeneration of visual purple. The data, given In Table 
n, are from three different solutions, and represent measurements at 5^ m^i 

TABLE n 

EJ'eci 0 f pH upM Ameuni cf Re^erufoiten 


RegeneratioQ measured b> the change In density at 560 after bleaching for 45 
minutes with a 500 watt projection lamp at 10 inches from the solution Data of 
Fig 3 


SohiUon 

pH 

PraxfQr ralzKt Ina tmootitd csim 

Lot of 
dlAvtso 

Adjnftcd 

loCTmlota 

S min. 

90 min. 

DUfmne* 

A 

5 09 

0 136 

0 U8 

0 002 

3 301 

3 301 


5 55 

0 1S3 

0 157 

0 004 

3 602 

3 602 


6 04 

0 148 

0 171 

0 023 

1 362 

1 362 


7 12 

0 158 

0 192 

0 034 

5 532 

1 532 


7 69 

0 101 

0 124 

0 023 

1 362 

J 362 


8 19 

0 122 

0 137 

0 015 

J 176 

J 176 

B 

6 42 

0 093 

0 108 

0 015 

J 176 

i 520 


7 74 

0 070 

0 082 

0 012 

i 079 

2 420 


9 25 

0 0860 

0 0865 

0 0005 

i 699 

3 050 

C 

6 35 

0 174 

0 186 

0 012 

J 079 

J 620 


6 67 

0 156 

0 168 

0 012 

J 079 

3 620 


7 16 

0 136 

0 144 

0 008 

3 903 

i 440 


Smee the three visual purple extractions presumably differed only m visual 
purple concentration, it was possible to plot the loganthnis of the density 
changes observed and obtam three curves, which were of essentially the 




A 
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same shape, but lay at different levels on the log density axis B)’- shiftmg 
two of these cuix^es vertically a smgle curve results about which all the 
pomts fall This cim'-e is plotted m Fig 3 The experimental densit}’- 
\’alues used to construct the cuix^e are given m Table II, together with their 
logarithmic values and the adjusted loganthmic values which appear m the 
figure Over the pH range from 5 0 to 9 6 a maximum for regeneration is 
shown at about pH 6 7, a value more aad than that earher reported from 
this laboratory by Hecht, Chase, Shlaer, and Haig (1936) The reason for 
this difference is that m the present measurements allowance was made for 
the disappearance of transient yeUow mtermediate products ^ 

It is qmte possible that the \asual purple molecule or some thin g else in 
the solution essential for regeneration may undergo dissoaation with 
changes of hydrogen ion concentration and thus exert an effect upon 
regeneration If this is so, we rmght expect that the curv’-e relatmg re- 
generation to pH should resemble a titration curve The curve of Fig 3 
does not, but it is possible that decomposition or the presence of colored 
products at pH’s below 6 6 prevents the measurement of regeneration there 
which may theoretically occur The abrupt drop m the cuiA^e on the aad 
side suggests some sort of decomposition It is also possible that the curve 
of Fig 3 may represent by its maximum an isoelectnc pomt or some other 
propert}' of a protem, smce \'isual purple is now generally recognized to be 
protem m nature The data are neither complete nor precise enough to 
warrant more than a mention of such possibdities They do show that 
imder practical conditions the maximum amount of measurable regenera- 
tion occurs at a pH of about 6 7 


Effect of ExtracliO}i Temperature 

li some other substance besides \TSual purple is necessarj'^ for regeneration 
to occur after lUummation and if this substance is extracted from the retma 
iiloug-with the visual purple, different temperatures durmg extraction rmght 

^ Hie intlucnce of tlus factor is i erj' great as can be shoim if the nsual purple re- 
IS measured at regions m the spectrum vrhere the unstable colored products 
' '‘ ’1 \)viTp\e decomposition ha^e a greater absorption than they have at 560 mp 
V, ' had taken tbe amount of regeneration measured at 500 m;i instead of at 
•’> ‘ ( (live relating regeneration to pH vould haa e been found to have its man- 
''' ' Vl1 1 1 instead of pH 6 7 and there rvould ha\e e\ en been some decrease 
V ' ' m density at pH’s below 5 6 Ulien the regeneration as measured 
^ ' "‘-'1, the effect of maskmg reactions IS even more marked Because 

f diminate completely such factors, the pH ma x imum for re- 
^ vrnfvdiat further toward the aad side 


pie 
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be expected to change the ratio of visual purple to this other material, with a 
consequent difference m the amount of regeneration m the resultmg solu- 
tions 

Retmas from ISO frogs were prepared for extraction m the usual way 
These were then divided into three equal lots and extracted simultaneously 
at 7°, 20°, and 35°C , respectively The resultmg solutions were buffered 
at pH 6 7 and measured to determine their visual purple density A 
sample of each was then lUummated for 4S minutes and measured at 500 
m^i for 45 mmutes immediately foUowmg the illu min ation The density 
regenerated at 500 mu for each sample during the 45 mihute penod was 
divided by the density at that wavelength of each sample before lUumina 
tion The sample from the 7° extraction showed 9 8 per cent regeneration, 
that from the 20° extraction showed 9 9 per cent regeneration, and the 35° 
sample regenerated 9 2 per cent These values are suffiaently alike to show 
that temperature variation over the range between 7° and 35°C durmg 
eitracbon is without effect upon regeneration of visual purple. Therefore, 
if another substance necessary for regeneration must be extracted from the 
retma, the solubflity of this hypothetical substance m 2 per cent digitalin 
solution vanes with temperature m the same way as that of visual purple, 
unless both go completely mto solution at all the temperatures studied 

VI 

Absorptum Spectra durmg Regeneratum 

The absorption spectrum of a bleached visual purple solution was meas- 
ured at different times durmg regeneration m order to detemune whether 
any other reactions involving color changes occur 

It 13 impossible with this spectrophotometer to measure completely an 
absorption spectrum which is changmg rapidly We therefore adopted the 
foUowmg method A visual purple solution buffered at pH 7 6 was illu 
minated for 1 hour with a 100 watt lamp and immediately after turning off 
the light the density of the solution was measured at 500 mu, 470 m/i, 
440 mfi, and 530 mu. The total tune required to measure the density at 
these four wavelengths was about S mmutes The density at 500 m/i was 
then measured agam, followed by that at 470, 440, and 530 mji, while the 
visual purple was regenerating, and this process was contmued for 2 hours. 
The solution was then exposed for 15 minutes to the bleaching source and 
the density at the four wavelengths agam determmed to insure that any 
observed changes m the dark had been caused by regeneration of photo- 
sensitive substances. Curves were constructed showing density changes 
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m the dark for each of the wavelengths measured The data used in the 
construction of these curves are given m Table III 
From the curves it was easy to calculate the density increase at each of 

TABLE m 


Course of Regeneration of Visual Purple at pH 7 6 Measured in Diferent Paris of the 

Spectrum 


440 m/i 

470 m/J. 

SOO m/1 

530 m/i 

Tune 

Density 

Tune 

Density 

Time 

Density 

Tune 

Density 

min 1 

■■ 

mtn 

■■i 

mtn 

im 

mitt 


(0 0) 

mBm 

(0 0) 


(0 0) 


(0 0) 


1 0 

KHI 

2 0 

wBSSm 

3 5 


5 0 


7 0 

0 884 

8 5 


10 0 

0 504 

12 0 

0 380 

14 0 

0 900 

15 0 

mISm 

17 0 

' 0 527 

18 0 

’ 0 394 

26 0 

0 918 

28 0 

0 700 

30 5 

0 558 

32 5 

0 414 

36 5 

0 928 

38 0 

0 715 

40 0 

0 571 

42 0 

0 424 

48 0 

0 935 

50 0 

0 726 

51 5 

0 583 

53 5 

0 432 

61 5 

0 938 

64 0 

0 736 

65 0 

0 593 

68 0 

0 438 

92 3 

0 948 

78 0 

0 744 

80 5 

0 601 

82 5 

0 444 

97 0 

0 950 

99 0 

0 750 

100 5 

0 610 

103 5 

0 449 

119 0 

0 952 

121 0 

0 756 

122 5 

0 616 

125 0 

0 453 

(«.) 

(0 956) 

(») 

(0 760) 

(eo) 

(0 622) 

(“) 

(0 456) 



Fig 4 The spectrum of the regenerating color at different times after bleachmg, 
A, 5, B, 15, C, 30, D, 60, and E, 120 mmutes The log density curves on the nght have 
the same shape and therefore show only concentration differences The absorption 
spectrum of a partially punfied visual purple solution before lUummation is shown by 
the dash-line curve in terms of log density for comparison Data are in Table HI 
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the five wavelengths during different times in the dark, obtaining the 
density for zero tune in the dark by extrapolation of the curves These 
values for zero time are also shown m the table, as are the final density 
values reached, also obtained by extrapolation 

The absorption spectrum of the regenerated material was computed for 
S, IS, 30, 60, and 120 minutes m the dark and these five spectra are plotted 
m the left half of Fig 4 If visual purple is the only substance that appears 
dunng the dark period the absorption spectrum constructed from the re- 
generation curves should be identical with the absorption spectrum of visual 
purple If another colored substance (or substances) is formed at the same 
time but at a different rate the absorption specUa measured at different 
times dunng regeneration should not represent visual purple alone, nor 
should they be multiples of each other This should also be the case if 
visual purple regeneration first involves the formation m the dark of some 
other colored substance, which then takes part m buildmg visual purple 

It IS clear that the absorption spectra of Fig 4 are not very different from 
that of visual purple although there is sbghtly more absorption m the blue 
and violet than should be expected A simple way of showmg similanty or 
dissunilanty of these five absorption spectra among themselves is to plot 
them m their loganthmic form Such curves, bemg mdependent of con 
centratlon differences, can be shifted on the log density axis. They can be 
superimposed only if they differ from one another m concentration alone, 
and not if two or more reactions involvmg color changes are occurring at 
different rates Such logarithmic plottmg is shown m the right half of 
Fig 4 The curves drawn through the five sets of pomts are identicai and 
it 13 therefore apparent that only one principal colored substance is bemg 
bmlt up m the dark. 

The logarithmic form of the absorption spectrum of a partially purified 
unbleached visual purple solution is also shown m Fig 4 by the dash line 
curve to emphasize the small departure of the absorption spectrum of the 
regenerated substance from that of visual purple It b possible that this 
small extra absorption represents the simultaneous regeneration m the dark 
of the yellow photosensitive material described m section m However, 
several yellow pigments are now known to appear m visual purple solutions 
so it IS not at present profitable to try to identify this extra absorption at 
the shorter wavelengths, espeaaUy as its occurrence is rather variable 

In another experiment conducted at pH 6 7 and mvolvmg density 
measurements at 440, 470, 500, 530, and 560 m^i, raeasunng at 500 mu and 
two other wavelengths on each of two identical samples, the same results 
were obtained except that the extra absorption at the shorter wavelengths 
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was greater Still other expenments agreed m this respect with the one 
illustrated It is possible that the greater absorption at shorter wave- 
lengths m the more acid solutions may be caused by a natural acid-base 
mdicator m the regeneratmg solution, as Chase has shown occurs durmg 
bleaching of visual purple (Chase, 1936), but the data are not conclusive on 
this pomt It IS also possible that visual purple regenerated in solution is 
not the same as the extracted visual purple before illu min ation 

Visual purple regeneration m solution then does not occur through con- 
secutive reactions mvolvmg color changes, unless such changes take place 
durmg the mitial bleaching of the visual purple, or dunng the first few 
moments m the dark, too rapidly to be measured 

The occurrence of this extra absorption at the shorter wavelengths m the 
case of the regeneratmg visual purple, offers an obstacle to the calculation 
of regenerated visual purple in terms of per cent of that present m the un- 
lUummated solution If the density of the regenerated material at 450 
m^i, for example, is compared with the density at that wavelength of the 
visual purple before illumination (usmg either the classical absorption spec- 
trum or the absorption spectrum of the unbleached solution), the apparent 
percentage regeneration may be as much as twice as great as it is if these 
calculations are made usmg the density measured at 500 mjtt 
Havmg recognized this fact, it is nevertheless possible to use percentages 
of regeneration as a means of comparmg the regeneration capacity of vanous 
extractions, provided that calculations are always made m terms of a single 
wavelength, preferably 500 mfi Measured at this wavelength and m solu- 
tions of the optimum pH, regeneration durmg the current work was found 
to vary m different extractions from 6 per cent to 18 per cent, with 12 per 
cent the value most often encountered The greatest amoimt of regenera- 
tion which we obtamed mvolved a density mcrease at 500 mfi of about 0 18 
m a solution which had a visual purple density of 1 0 before lUummation 
The optical depth of the absorption cell m this case was 10 mm 

vn 

Successive Regenerations 

Kuhne reported (Ewald and Kuhne, 1878) that both m the isolated retma 
and m solution visual purple could be made to undergo several successive 
regenerations, each time to a less extent, until fiinaUy none occurred In 
repeatmg his observations we were mterested to see whether the gradual 
failure to regenerate after successive bleachmgs was caused by the dis- 
appearance of a reactant or by the destruction of a catalyst of some sort 
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If a catalyst is failing, the second and third regenerations should be at a 
slower rate than the first, but should ultimately produce the same concen 
tration of visual purple On the other hand, if a reactant is being used up, 
the amount of visual purple regenerated should be less m the second re- 
generation than m the first, and still less in the third, but the curves for all 
three should be of the same form We illununated a visual purple solution 
(buffered at pH 7 7) for 3/4 hour and then measured the density change at 


TABLE IV 

SuaessiTc Regenerattons oj VuiwI Purple 

Density meosurcraentB at SOO m/i The first bleaclung was for 45 minutes the second 
and third were for IS mmutes each pH 7 7 Density values for zero and infinite 
regeneration time were obtained by extrapolation of the smoothed curves. These 
data are plotted m Fig 5 


FUu rtftMraUra 

iecoai ttgtatnioa 

Thin] Trtvnentiea 

ThM 

Dtuitr 

TtOM 

Deadty 

Hint 

Deniltr 

w/n. 


«/«. 


wtim. 


(0 0) 

(0 0775) 

(0 0) 

(0 0775) 

(0 0) 

(0 0775) 

0 7 

0 08U 

1 

0 0804 

5 

0 0S60 

4 

0 0872 

5 

0 0872 

10 

0 0900 

7 

0 0968 

11 

0 0948 

17 

0 0956 

n 

0 1056 

18 

0 1024 

28 

0 1008 

19 

0 1152 

15 

0 1076 

42 

0 1052 

26 

0 1244 

31 

0 1120 

51 

0 1076 

33 

0 130t 

39 

0 1160 

64 

0 1101 

40 

0 1352 

51 

0 1204 

79 

0 1124 

49 

0 1404 

64 

0 1252 

100 

0 1152 

62 

0 1456 

72 

0 nn 

113 

0 1164 

TO 

0 1496 

82 

0 1284 

119 

0 1172 

80 

0 1536 

87 

0 1300 



89 

0 1556 

96 

0 1320 



100 

0 1580 

108 

0 1332 



110 

0 1600 

115 

0 1344 



117 

0 1612 

120 

0 1352 



c«) 

(0 1675) 






500 mp for 2 hours in the dark. The solution was then re illununated for 
IS mmutes and measured in the dork for another 2 hours After this it was 
illuminated a third time for IS minutes and agam measured for 2 hours in 
the dark. Fig 5 shows the results of this experiment, the data being given 
m Table IV The two curves through the lower sets of points are calculated 
mulbples of the smooth curve drawn through the upper set of points The 
fact that the experimental points fall upon these cilculated curves so well 


f+’V 
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indicates that in successive regenerations a reactant is used up and an en- 
zyme or catalyst apparently is not the controUing factor It is possible that 
the reactant m question is normally supphed from the pigment layer as 
Kuhne beheved (Ewald and Kuhne, 1878) In such a case there would of 
course be only a limited quantity of it m the solution, which should cause 
exactly the behavior observed m this experiment 

The behavior of visual purple which has been extracted from the retmas 
by 4 per cent sodium desoxycholate solution may be significant in this con- 
nection Visual purple solutions obtamed by use of this extractant do not 
regenerate, even at pH’s that are optimal for bile salts and digitahn extrac- 
tions The simplest explanation is that the sodium desoxycholate combmes 
with the visual purple molecule or with its decomposition products m such 
a way that rebmldmg of the visual purple after illu min ation does not take 
place Alternatively, the desoxycholate may combme with or fad to extract 
from the retma some other substance which normally enters mto the reac- 
tions through which visual purple regeneration is accomphshed 

vm 

Reaciwn Ktneitcs 

The reaction kmetics of the bleachmg of visual purple by hght have been 
shown to be first order (Hecht, 1921 , Chase, 1936) Regeneration of visual 
purple, on the other hand, might be expected to be the result of a bi- 
molecular reaction, especially m view of the dependence of dark adaptation 
on vitamin A (Fndenaa and Holm, 1925, Tansley, 1931, Hecht and 
Mandelbaum, 1938, Wald, Jeghers, and Armmio, 1938) However, if one 
of the reactants were present m any great excess, a first order equation 
should descnbe the data 

The precautions necessary m order to favor the maximum amoimt of 
visual purple regeneration, uncomphcated by the simultaneous appearance 
or disappearance of other colored substances, have been mentioned The 
absorption of these substances is greater at shorter than at longer wave- 
lengths so that density measurements made at 560 m/i shoidd be expected 
to be more mdicative of changes m visual purple concentration, imcomph- 
cated by concentration changes of yeUow substances, than would measure- 
ments made at 500 mu On the other hand, measurements made at 560 
mfj, would be subject to larger experimental errors than measurements made 
at 500 mja because the absorption of visual purple is much less at 560 m/i 
than at 500 m/r We therefore measured the density change at several 
wavelengths simultaneously foUowmg an exposure of 1 hour, which allowed 




Fio 5 Three successive regenerntions in Ihc same solution, measured at 500 m/i. 
The colored material bleaches to the same density each time and the three curves are 
multiples of one another The data are given in Table IV 



0 20 ^ 60 QO 100 IZO 

Tirm. -- Af /nates 

Fro 6 Description of visual purple regeneration by the fiat order eqoatiom The 
four upper sets of data are from Table III the lowest set (solid black circles) are from 
the fiat regeneration given m Table IV 
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most of the fadmg reaction to complete itself before the light was turned 
off and the measurement of regeneration was begun 
The data of Table IH are typical of a number of measurements of visual 
purple regeneration If visual purple is formed from its precursors in the 
lUummated solution, then if the reaction is monomolecular, or if it is bi- 
molecular with one reactant present m excess, the first order equation 
should descnbe the regeneration process 

a 

In the equation, S.t = log ^ represents the concentration of visual 

purple formed duung the time m the dark, and a represents the concen- 
tration of reactant present at zero time This quantity, a, can then be 
assumed to be equal numencaUy to the difference between the density of the 
solution at the end of the reaction and that at the begmmng (a — x) 
can be calculated for any time, t, by subtracting the density regenerated at 
that time from the constant value of a 
If the logarithm of {a — a:) is plotted against t a straight hne should 
descnbe the data if the reaction is first order Fig 6 shows the data from 
Table HE and from the first double column of Table IV plotted m this way 
It IS apparent that the first order equation descnbes the regeneration of 
visual purple m solution fairly well The small deviations which appear 
must represent comphcating factors that are not understood at present smce 
they look regular rather than random For an approximate descnption 
of visual purple regeneration, however, the first order equation is qmte 
adequate ^ 


IX 

Rehiud Metabohsm and Regeneration 

Warburg and Negelem (1929), Kubowitz (1929), and Nakashuna (1929) 
studied the metabohsm of the retmas of white rats, frogs, and fish, and faded 
to report any effect of hght More recently Jongbloed and Noyons (1936) 
have presented data which indicate that the oxygen consumption and COi 
production of frog half-eyes are increased about 25 per cent m the dark fol- 

- In a few measurements of visual purple regeneration the data could not be de- 
scnbed by the first order equation nor by that of a second order reaction Inspection 
of such curves always showed an abnormally high rate of density increase dunng the 
first IS minutes of the dark penod with the change practically over by the end of one- 
half hour, whereas it usually continues for 2 hours or longer It seems unprofitable to 
attempt an explanation of these infrequent cases until more is known of the other color 
changes that may occur dunng visual purple regeneration 
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lowing an exposure to light They concluded that the excess metabolism 
IS probably concerned with the resyntbesis of visual purple 
In 1934, one of us (E L S ) began a senes of respiration experiments with 
frog retmas (Ranu pipiens) Measurements were made with the Warburg 
apparatus, usmg from 6 to 8 retmas or half eyes m vessels of about 8 ml 
capaaty at temperatures of 25° and 30°C No detectable differences m 
oxygen consumption were found between hght and dark retinas under a 
vanety of conditions Measurements were made with isolated retmas m 
Rmger’s solution and also with half-eyes m vitreous humor Changes in 
pH from 5 0 to 9 0 had no effect on the oxygen consumption m Rmger 
These observations were all made with summer frogs Smee Jongbloed 
and Noyons worked with wmter frogs some of the measurements were re 
peated during the wmter of 1937-38 with the same results as before 
The iHummation system mvolved a 500 watt lam p with a condensing 
system, so that a high hght mtensity was available Measurements were 
made with mtensities of from 1000 to 100,000 meter candles In some ex- 
periments, after a bleaching penod of IS minutes the eyes were removed 
from the manometer vessel and the visual purple was found to be com- 
pletely bleached out Other half-eyes were subsequently measured over a 
period of 2 hours m the dark When these were removed they showed a 
definite pmkish color m the retina, mdicatmg that regeneration of visual 
purple had taken place, although not completely as compared with freshly 
extirpated retinas from dark adapted frogs 
If any mcrease m oxygen consumption occurs m the retmas of Raita 
piptens concurrent with the regeneration of visual purple, it cannot be 
larger than 5 per cent 


SUIQIAEY 

1 Measurements of visual purple regeneration m solution have been 
made by a procedure which minimized distortion of the results by other 
color changes so that density changes caused by the regeneratmg substance 
alone are obtained 

2 Bleachmg a visual purple solution with blue and violet light causes a 
greater subsequent regeneration than does an equivalent bleaching with 
hght which lacks blue and violet. This is due to a photosensitive substance 
which has a gradually mcreasmg effective absorption toward the shorter 
wavelengths It is uncertam whether this substance is a product of visual 
purple bleachmg or is present m the solution before illu min ation 
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3 The regeneration of visual purple measured at 560 m/i is maximal at 
about pH 6 7 and decreases markedly at more aad and more alkahne pH’s 

4 The absorption spectrum of the regeneratmg matenal shows only a 
concentration change durmg the course of regeneration, but has a higher 
absorption at the shorter wavelengths than has visual purple before illu- 
mmation 

5 "N^sual purple extractions made at vanous temperatures show no sig- 
nificant difference m per cent of regeneration 

6 The kmetics of regeneration is usually that of a first order process 
Successive regenerations m the same solution have the same velocity con- 
stant but form smaller total amounts of regenerated substance 

7 In VIVO, the frog retma shows no additional oxygen consumption while 
visual purple is regeneratmg 
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THE KINETICS OF PENETRATION 
XX Epfect of pH AND OP Light on Absorption in Iupaihd Halicystis 
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{From the Laboratories oj The RockeJelUr InsiiluU for Medical Research, New York, 
aiid The Bermuda Bidoifcal Station for Research, Inc., Bermuda) 

(Received for publication, February 15, 1939) 

In the present paper experiments are described in which impaled Halt- 
cysits cells were exposed to sea waters of different pH under ordinary light 
Ing conditions, and to sea water of normal pH under different lightmg 
condibons 

These experiments were earned out at the Bermuda Biological Station m 
the wmter of 1936-37 on Haheystts Osterhoutn, Blinks and Blinks 

EXPERIMENTAL 

In the pH expenmentB cells, after a preliminary exposure to sea wateu: of normal 
pH (8^) for 5 days wereexposedtoteawatersof winch the pH’s were 7 0,8 J (control), 
and 9^ Each cell used was exposed successively to all three sea waters During the 
exposure the rate of increase in volume was determined by measurement of the nse of 
liquid In a tube of capillary bore on which the cell was impaled. The method of doing 
this and the arrangement of the cells for this type of experiment has already been de 
scribed.^ In these experiments, as before, the bottles containing the cells were Lq>t at 
17®C. dh 1 C by means of a flow of vrater from the Biological Station s orculating 
salt water system. The experiments were earned out m a dark basement room in 
order to avoid to some extent alterations in the pH of the surrounding sea water due to 
photosynthesis 

The pH of the sea water was adjusted to the neighborhood of 7 0 by adding small 
successive portions of 0 6 u HCl with vigorous aeration between additions to blow out 
the excess COj formed. In the case of the pH 92 sea water, some 0 6 it NajCOj was 
added with subsequent aeration. The pH remains fairly constant at 7 0 if the sea Y^ter 
is kept m a pyrex bottle open to air But at the higher pH it tends to fall slowly due 
probably to the loss of COj ion in the form of magnesium and caldum carbonates. 

In contact with cells the pH of the low pH sea water tends to rise to that of the 
control, and the pH of the high pH sea water to fall off to that of the control It is 
possible to hold the pH constant by adjusting the free CX)a concentration of the sea 
water but this step seems to ua to be an undesirable one since free COi passes rapidly 
through the protoplasm while the ions do not* and the pH of the sap is disturbed sen- 


* Jacques, h.G,J Gen Physiol 1938-39, 28, 147, 757 

“Jacques, A G and Oiterhout, W J V,/ Geiu Physiol., 1929-30, 13, 6^5 
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ously by this procedure In order to minimize the changes m the pH of the external 
solutions we renewed the sea water in contact with the cells frequently 

In the light-dark experiments, three light conditions were employed the dim light 
of a laboratory room, the outside light on a porch with a southern exposure, but shaded 
so as to avoid direct sunlight, and finally the darkness of a room suitable for use as a 
darkroom in developing all but the fastest emulsions (there was a very small leakage 



Fig 1 Rate of mcrease of volume of sap of impaled Halicyshs cells at different 
pH’s.of the sea water Each curve represents the behavior of a single cell In each 
case before the run started the cells had been seasoned in normal sea water for at least 
5 days after impalement Similar curves were obtamed with other cells 

of light around the door) In the first case a Weston photromc foot-candle meter held 
near the cells gave a response of 32 foot-candles In the second case on a cloudy day 
the response was 500 foot-candles and in the last case there was no response 

In all cases each bottle of cells was immersed to the neck m a tray through which 
passed a bnsL flow’ of water from the salt water circulatmg system Thus although the 
expenments w ere performed in three different parts of the Biological Station, the condi- 
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Uons, except the lighting were about the same. Except in the darkroom the lighting 
was normal i.e., the natural succession of bght and darkness 



Fic 2 Rate of increase of volume of sap of unpaled HaJicysits cells in U^t and 
darkness Each curve represents the bdiavior of a sin^e rrfl The first part of the 
nm in every case represents the behavior In dim light in the laborator) The apphea 
tion of other light conditions is indicated du:ectl> on the curves. In each case before the 
run started the cells were seasoned In normal sea water for at least 5 days after im- 
palemenL. The curves have been drawn free band to give an approimmtc fit. 

As before the rate of increase of volume of the sap was determined by measunng 
with a micrometer caliper the nse of liquid in a capQIary of known radius Then, 


AF-xt** 
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•where h is the capillar>’ nse On the basis of the previous expcnments it ■was assumed 
that the electrolyte entered the cell at the same rate as the water and this was checLed 
bj determining the hahde concentration of cells after erposure to different pH’s and to 
different bght conditions As antiapated there was little or no decrease in halide con- 
centration m any case 

Tie resiilts of some of the eTqienments have been plotted in Figs 1 and 
2 In each case vre have plotted the mcrease in volume of the sap against 
time, vrith notations at the points where pH or light conditions were 
changed "V^lth the assumption that entrance takes place under “steady 
state” conditions (t e with the mole fractions of water and electrolytes in 
the sap remaining unchanged) the curves also show the behavior of electro- 
lytes * 

DISCUSSIOX OF pz;strLTS 

Before proceedmg to discuss the results already obtained we shall re- 
\iew briefly some results pre\nously obtained with impaled cells It has 
been found with both Vahnia and Ealicyslis that after a short imtial 
rapid mcrease immediately after impalement,^ the rate of uptake of water 
and electrolj’te becomes practically hnear The rate is greater than m the 
mtact cell, about 15 times as great m Valmm and 10 times as great in 
Eahcysiis But the composition of the sap (except for a possible sight 
decrease in total osmotic concentration to a value approaching that of the 
sea water) remains imchanged 

It seems clear from experiments -with impaled Eahcysiis cells m diluted 
sea waters that water moves much more rapidly through the protoplasm 
than does electrolj-te hence any mcrease in the osmotic pressure of the sap 
due to the entrance of electrolyte is quickly abohshed by the entrance of 
water 

Now we suppose that aU ionic species found in the sap have moved 
chiefly as molecules rather than as ions, in the non-aqueous protoplasmic 

* We assume provisionallj that not orJj does the total electrocute concentration of 
the sap remain constant, but that the proportions of all ions m the sap remam un- 
changed In the erpenments with impaled Valoma, the concentration of potassium, 
for example, accordmg to a-vailable analj se did not decrease m the impaled cells, and 
as the hahde concentration also remamed apprommatelj constant it was assumed that 
the sodium concentration had not changed In the case of impaled Eahcyslts, only 
hahde analj'ses are a-i-ailable but there is httle reason to suppose that there would be 
any marled change in the sap composition 

* Proiusionallj we assume that water enters at a greater rate than electrolyte, re- 
sultmg m the adjustment of the osmotic pressure of the sap either nearer to or jjossi- 
bl> to equahtj' ■with that of the sea water 
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surface layers That is to say lomc movement m the protoplasimc sur- 
face is considered to be neghgibly small, and since the protoplasnuc sur- 
face is thin we can apply for the rate the equation 

^ ( 1 ) 

- D"* - Sw, lifXdrf,) (J) 

here M is any monovalent cation, such as Na, K, or NHi, and Xi is either 
an orgamc amon derived from a weak aad HX elaborated by the proto- 
plasm or an morgamc anion derived from the sea water is a per- 

meabflity constant analogous to the diffusion constant, 5 is the partition 
coefficient eof and cpo are a pair of adjacent regions m unstirred iayers of 
sea water and protopiasm respectively, where ail speaes are m equilibrium 
across the mterface, the distribution being detemuncd by the partition 
coeffiaent 5 (5 = concentration m the non aqueous protoplasmic surface 
layer concentration in the adjoimng aqueous phase), the subscripts o 
and » refer to the outside and mside protoplasnuc surfaces respectively 
In this derivation it is supposed for simphaty that MXi is a smgle spe 
aes, if several are involved, as may well be the case, the situation will be 
more complicated 

Now we suppose that when the cell is impaled, for a particular set of 
conditions (lighting, temperature, pH of sea water, etc ), all the terms of 
equation (2) remain reasonably constant and hence the rate of uptake of 
electrolyte is Imear But m order to account for the slower rate of uptake 
in mtact cells without any change in the sap concentration we have sug- 
gested that the partition and diffusion coefficients in such cells may be 
different. After the cellulose wall has been stretched to the very limited 
extent possible, water cannot enter the cell until new cellulose is formed 
and the area of the cellulose wall is mcieased so as to mdose more space 
This is a slow process. Hence it seems possible that when the osmotic 
pressure of the sap mcreases through electrolyte entrance without the pos- 
sibihty of water entermg immediately, water may be withdrawn from the 
non aqueous layers of the protoplasm, with the result that both the diffu 
Sion and partition coeffiaents decrease The net effect is to prevent the 
osmotic concentration of the sap from rising to a much greater value than 
that of the sea water 

Let us now consider results of the present experiments with impaled 
HaJtcysIts in the hght of these considerations 
As Fig 1 clearly shows, changmg the external pH between 7 0 and 9 2 
has httle or no effect on the rate of volume mcrease, and therefore of 
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uptake of electrolyte The wave-like form of the curves associated with 
dayhght and darkness, which was demonstrated m a previous paper,® 
IS not very obvious m the present curves owing to the small scale used, and 
m any case, since each exposure to sea water of one pH lasted 2 days or 
more, when we compare the effects of different pH’s the effects of the natu- 
ral succession of dayhght and darkness may be considered as equal in 
each case, and need not be considered espeaaUy 

Changes m pH cannot be expected to have any effect on either D or S, 
or the gradient term if Xi is the anion of a strong electrolyte 

For example, in the case of Haltcyshs, where most of the electrolyte m the 
cell IS sodium chlonde, M may be sodium and if Xi is chloride ion, we have 

[NaCl]„p = [NaQlop = [NaCl]„ 

which IS proportional to [Na]o [Cl]o Here op is an unstirred layer m the 
sea water adjacent to a similar unstirred layer, po, m the protoplasm 
(the thin regions m these layers, where the solutes are m equilibrium across 
the interface, are epo and cop), and o refers to the mam mass of sea water ® 
Obviously none of these values will be affected by changes in the pH of 
the sea water 

But if Xi is the anion of a weak aad elaborated by the protoplasm the 
rate of entrance of sodium might be increased by increasing the pH of the 
sea water, but this would not be inevitable Thus an increase m rate, such 
as we observe for the entrance of ammoma mto Valoma when the external 
pH was raised,'^ may be good evidence m favor of the view that a reaction 
with a weak acid precedes the entrance of a base, but the failure of the 
rate to respond to pH changes is not defimte evidence against this mecha- 
msm 

The amount of MX which can be formed depends on the amount of HX 
which IS available and if at one pH practically all the HX has been converted 
to MX, raismg the external pH may have only a shght effect m mcreasmg 
the amount of MX ® 

® Jacques, A G ,J Gen Physiol , 1938-39, 22, 757 

® In this -we assume that there is no appreciable gradient of concentration of [Na] 
[Cl] or [NaCl] between the main mass of the sea water and the layer of sea water ad- 
jacent to the protoplasm since all these constituents are abundant in the sea water and 
also because their removal by diffusion through the protoplasm must be very slow 
compared with the rate at which they can be renewed by diffusion from outside How- 
ever, as pointed out previously, [Na]„ [Cl], < [Na]j [Cl]i (where t refers to the sap) in 
the case of Ealicyshs Hence if sodium is to enter as NaCl it will be necessary for the 
cell to supplj' energy 

^ Osterhout, W J V , Proc Nal Acad Sc , 1935, 21, 125 
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As we have seen in former papers, when A i is the anion of a weal, aad 
HA elaborated by the protoplasm, equation (2) with certain assumptions 
assumes the form 

^ - t.n.D"l(l/UOIIUHXU. - lifl-fonuiua,^) 
a1 


where kau* is a collection of constants including activity and partition 
coefficients (the corrcspondmg constants are assumed to be equal in sap and 
sea water) The actual values in every case are unknown Now if [OH], 
(or (OH)„ which is the pH) is increased we should expect the rate to m 
crease provided that [HX],^ does not simultaneouslj decrease in the same 
ratio 

For convemence we assume that HA is being elaborated at a umform rate 
throughout the non-aqueous protoplasm and the diagram below shows 
schematically how it and its ion A may be distnbuted in the system 


Sea water (o) eop 

IHD. tHXU «- [Hit,. ♦ 

iT ir 

INaX), ♦- INaXU -* (NaXh,. ■ 


tip sap 

llLYjeyt [HXlw# —+ iHJCji 
• (NaXlnrf -+ iNaArjrf, -♦ iNtXI, 


Now we may suppose that after a certain time (which may be very short) 
dutmg which conditions (external pH, temperature, etc ) have rmaintd 
constant, a steady state is reached in which the losses of HA at each 
face are just balanced by the gams so that [HA]„. and [HA ] re'" '' 
constant though not necessarily equal • It should be noted iCl 
steady state there may be htUc or no mo\-emcnt of HA and NaA f 
ept layer to the sap, for the reason that the sap is limited m r^l, 
even m the impaled cell it is increasing slowly Hence if ih 
coeffiaenU are large, as may weU be the case, only a htUe of f 
NaA in the layer wiU need to move into the san to kem .n ^ 
tion at equilibrium On the other hand, the sea watc^ ^ 
volume and hence there wiU be a steady diffusion of Ha' and^N'r"'^ 

Granting that the rate of HApmduction remains conrtant It wfl! i. , J 

• For the exact significance of t„,i. which Is not i, ' 

to a recent paper Oicques, A G , / Coi fiyiM , I9W To « 

• Thla 1 b the assumption we have made In former ^ 

ammonia entrance we found It posalhle to ohuin . i*'' 

equaUon similar to (J) on the assumption that [IIX] r e/w, - ^ 


"Wifr 


'rjiri 
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from the results which follow that the effect of pH change will depend largely 
on the pK' value of HX 

This may be illustrated by puttmg sets of hypothetical figures mto the 
scheme just given For simphaty we have made the foUowmg assump- 
tions 


(a) HX and NaX have equal diffusion constants in the protoplasm, and 
different (probably much greater) but equal diffusion coefficients m the 
aqueous phases 

(b) and 6'^“^ are high, say 1000, and equal 

(c) The pH’s of the eop and eip layers are regulated by relatively high 
concentrations of other buffer salts than NaX so that m these layers the 
hydrolysis of NaX has httle effect on the pH which is approximately equal 
to that of the bulk of the sea water and sap respectively The pH of the 
sap IS assumed to be 5 2 (a httle low but suitable for purposes of illustration) 

The numencal schemes m Table I are divided mto three pairs and com- 
pansons of rate are to be made only between members of a pair In the 
first pair (A) the pK' of HX is assumed to be 10 2, m the second pair (B) 
5 2, and m the third pair (C) 8 2 The external pH’s are assumed to be 
8 2 and 9 2 We have no idea of the actual concentrations of HX and NaX 
but the concentration terms are assumed to be milhmolar 

The figures have been chosen so that the total concentration of speaes 
contammg X at the epo-eop mterface is about 100 milhmolar and at the 
epi-etp mterface 101 milhmolar The relation between HX and NaX is 
taken to be that calculated by the Henderson-Hasselbalch equation 
The undissoaated portion is called for convemence HX and the dissoaated 
portion NaX 

Now m every case, as the figures are chosen, the gradient which causes 
HX to move from epi to epo is about 1 umt greater than the gradient caus- 
mg the diffusion of NaX from epo to ept Thus m a umt of time (the same 
for the members of each group, but different for different groups) the ept 
layer loses 1 millimole of X by diffusion, but the steady state is preserved 
if, as we assume, m the same umt of time 1 rmUimole of new HX is produced 
at ept by the protoplasm At the epo layer, 1 rmlhmole of X is gained by 
diffusion m the protoplasm and concurrently it gams 1 miUimole by new 
manufacture But the steady state is preserved by the diffusion of 2 
millim oles to the sea water 

Ass umin g that the rate of diffusion of NaX is proportionate to NaX^po ^ 


ver> sbght modification so as to avoid too many fractional values Thus 
in the first set of figures given for epo the ratio of HX to NaX should be (at pH 8 2 when 
pK' = 10^) 100 to 1 not 99 to 1, but the difference is negligible 





4^ 


NaAT ^ these calculations show qiute deariy that with a high pK' value the 
changing pH of the sap may have an effect on the rate of entrance of NaAT 
neaiiy equal to the change in OH activity 

TABLE I 

Hypothetical concentrations of HA and NaA In the outside protcgilasimc surface 
layer {epc) and the unstirred layer of sea water (ecp) just outside this and in cquIUbriuni 
with it also in the Inside protoplasmic surface layer (epi) and the unstirred layer of 
sap (ttp) just inside this and in equUibniim with iL 

The ratio HX + NoA depends on the pK' and the pH, when these arc equal the 
ratio becomes umty 
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On the other hand when pK' is low there may be httle or no observable 
difference in rate For example, with pK' = 5 2 we find that at pH 8 2 
the concentration gradient — NaX p* — 99 9 — 50^ «- 49 4 and 

at pH 9 2 It 18 99 99 — 50^ — 49 49 Hence the rate of entrance of sodium 
would be practically the same at pH 8 2 and 9 2 
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If the pK' IS of the same order as the pH’s of the sea water to which 
cells are subjected there will be a definite change m the rate of NaX d 
Sion, but not nearly so great as the change in the OH activity Hence e 
if the rate does not respond to pH changes it does not exclude the possibi 
that the Na enters the cell as NaX However, HX is probably not 
but several aads and we should expect that the rate of entrance of S( 
molecules would respond to pH changes 
Turning to the effects of hght on the rate of gam of water and electro] 
we may first compare the curves for cells 1 and 3 of Fig 2 smce both had 
same treatment and the results in general were the same After the j 
liminaiy’^ “heahng” penod lasting up to 5 days (not shown in the figi 
each cell was exposed a few days to dim laboratory hght (inside dayh 
with the natural succession of day and night) dunng which penod 
volume of the sap increased steadily at a roughly hnear rate Then e: 
cell was removed to nearly total darkness and the rate changed more or 1 
abruptly and as long as the darkness persisted was lower than before i 
roughly hnear Each cell was then removed to outside hght (on a shac 
porch) The rate mcreased more or less abruptly and became roug 
linear and about equal to the rate observed at the start m dim hght Th 
was no great difference between dim laboratory hght and “dayhght,” 1 
there was a definite difference between hght and darkness, the rate 
volume mcrease being greater in hght 
Cell 2 was first transferred from dim laboratory hght to outside hght a 
in tins case the rate increased shghtly Then it was removed to darkn 
and the rate fell rather slowly and eventually became roughly hnear a 
somewhat smaller than the rate in dim light, and of course still smaller th 
the rate in outside light 

Summing up, the increase of volume (and presumably the entrance 
electrolyte) tends to be a hnear function of time both in hght and m dai 
ness, but proceeds more rapidly m hght Between dim hght (normal hg 
indoors) and outdoor hght (on a shaded porch) there is httle differem 
In general the rate in hght was about twice the rate in darkness 

Some figures showmg the total mcrease dunng the experiments may be 
interest In the case of cell 2, the total gam m volume of sap m 12 da 
was about 0 27 cc which was 117 per cent of the ongnal volume Cell 
gained 0 19 cc in 8 days or 59 per cent of the ongmal volume There 
httle question that the rate fell off contmuously but slowly m the dark 
Since hght increases photosynthesis it probably increases the pH m tl 

Ncglcct\ng the slight deviation from the straight line associated with daylig 
and darkness (<^ Jacques, A G ,/ Gcrt Physiol , 1938-39,22, 757) 
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la) er o£ sea water adjacent to the protoplasm by removing COi However, 
as we have shown, the rates ol entrance of water and of electrolytes do not 
respond to direct changes m the pH of the sea water so that we run scarcely 
explain the mcreased rate m the hght as a pH effect. However, if light 
should cause the cell to manufacture HA more rapidly, more NaX could be 
produced irrespective of the relation of pK' to the pH of the external solu- 
tion That 13 to say the rate of entrance of sodium as NaA could respond 
to changes m the HA concentration without necessarily respondmg to 
changes m the OH activity of the sea water 
We may compare this with the idea suggested by recent results with 
Valoma obtained with aramoma accumulation m hght and darkness^ and 
with changes m the external pH,’ where the rate of entrance of ammonia is 
undoubtedly accelerated by mcreasmg the external pH It is also accel- 
erated by hght Without gomg mto details we may say that calculations 
m the ammonia paper mdicated that the permeabDity constant m the dark 
was about 3 times that m the hght, although owing to the higher pH m the 
light the amount of ammoma entenng the cell per umt of time was greater 
But as calculated the constants contamed a factor c which referred to 
changes m the protoplasm and it was assumed that this was about 3 tunes 
greater m darkness than in hght, and that it represents the concentration 
of the aad HA at the sap-protoplasm interface It was also assumed 
that the HA” concentration at the sea water protoplasm mterface (4 m the 
previous paper) was also 3 times as great m the dark Hence the decrease 
m rate m the dark due to the lower pH was m part offset by the increase m 
HA m the protoplasm This might arise either from a more rapid produc- 
tion of HA m the dark, or from a slower rate of loss to the sea water 
In the case of Ealtcyslts, if sodium enters as NaA, we must assiune that 
the aad m question is at a higher concentration m the hght 

SUMMAKY 

The rate of entrance of electrolyte and of water into impaled cells of 
Haluystu OslerJwuht is unaffected by raismg the pH of the sea water to 
9 2 or lowermg it to 7 0 It is quite possible that sodium enters by com 
bmmg with an orgamc aad HA produced by the protoplasm If the pK' 
of this aad 13 suffiaently low the change m external pH would not produce 
much effect on the rate of entrance of sodium 

The rate of entrance of electrolytes is affected by hght In normal hght 
(» e natural succession of dayhght and darkness) the rate is about twice 
as great as m darkness 

“ Jacques h G J Gen Phynel , 1938-39, 82, 501 




CALCULATIONS OF BIOELECTRIC POTENTIALS 
V Potentials in Halicystis 
bt w j V osTKRHotrr 

{Prom the Laboratona oj The Rociefdler Institute for ifedtcal Research) 
(Received for publication, May 20, 1939) 

Interest m Haltcyslts and in Vahmta has been stimulated by discoveries 
of marked contrasts and stnking similanties existmg side by side 

Although ongmally regarded as similar and placed m the same genus they 
are now classified m separate orders they show great differences m mor 
phology and reproduction,* m composition of sap,* and m bioelectric 
behavior * As examples of the last may be mentioned 

(1) The normal p d is outwardly directed (positive*) m Baltcysltst 
(6S mv ),* but mwardly directed (negative) m Valerius' (10 mv ) When 
these cells are placed in their own sap so as to set up the chain 

np I protoptum I np 

the pj) IS negative m Vahnus (60-70 mv)‘ and positive m Haltcyslis 
(40-50 mv ) • These pjd 's must be due to conditions in the protoplasm, 
which are strikingly different m the two plants 

(2) GuaiacoP changes the p d of Vahnus m a positive direction and that 
of Ealscystts'' m a negative direction It decreases the apparent mobility 
of K.+ m Vahnus but not m Balutyshs 

(3) Lowering the pH of sea water changes the P D of Hahcystis m a nega 
tive direction* ' but has practically no effect on the pj) of Valonut 

(4) Very low concentrations* of NH, produce drastic changes in the 

* Blinks, L R,, and BUnks, A. H , BuU Torrey Bot Club, 1930-31, 67, 389 

* Oiterhout, W J V Eriebn Pkystel , 1933, 36, 967 

* The p J) 18 called positive when the positive current tends to flow from the sap 
across the protoplasm to the eatemal solution , it is outwardly directed 

* In this paper when Vahma is mentioned V macropkysa, Ktltz. is meant and 
Battcystu means B Osterhoutii, Blinks and Blmks. 

* Blinks, L R., / Gew. Phystol , 1934-35 18, 409 

* Damon, E B , / Gen Physiol , 1931-32, 16, 525 

’ Osterhout, W J V , / Gen Physiol^ 1936-37, 20, 13, 1937-38, 21, 707 

* Blinks, L. R. / Gen. Physiol 1933-34, 17, 109 For the effects of flow of current 
tee Blinks, L R., / Gen Physiol , 1935-36 IB, 633, 867 

S3 





54 


CALCULATIONS OF BIOELECTRIC POTENTIALS V 


p D of Ealtcyshs (including reversal of the sign) but have httle or no effect 
on VaJonm 

Resemblances between the two plants are illustrated by their behavior 
toward alkah cations The situation m Hahcystts is illustrated m Table I 
The p D m sea water is about 65 mv positive ® We see that partial or 
complete replacement of Na+ by K+ or Rb+ changes the p d m a negative* 
direction This is also the case with Valonta, and the extent of the change 
IS sumlar m both forms Replacement of Na+ by Li+ produces no change, 
whence we conclude that the apparent mobihty of Li (or m the outer 

TABLE I 


Changes m P D Caused by SubsMitimg Vartous Chlorides {MCI) for Sea Water (5 PT ) 
The number of observations is given m parenthesis Sea water was positive in the 
external circuit m all cases where a difference of p d existed 


MCI 

Sea water to 

0 6 u MCI, 1 
part + 

SW , 1 part 

u 

Sea water to 

S W contain- 
ing 0 M 

Ma 

K 

Sea water to 

S W contam- 
0_52 It 
MCI 1 part 
+ mannite 
solution, 1 
part 

u 

i 

i 

Average 
for u 

KCl 

irv 

48 0±2 1 

u-^ = 16 

#nr 1 

63 0± 1 3 

= 18 

ffJT 

51 0± 3 3 

= 19 

“k = 17 7 

Rba 

(11) 

48 4±3 2 


(14) 

62 6 ± 1 2 


(4) 

46 5 ± 2 9 

«Kb = 15 

tijjb = 1<5 3 

CsCl 

(15) 

22 2 ± 1 6 

»C, = 4 4 

(7) 

48 8 ± 2 2 

«C5 = 55 

(7) 

35 8 ± 3 0 

«CS ° 85 

1 

«c. = 7 5 

LiCl 

(12) 

Zero 

(5) 

= 02 

(3) 

— 

(4) 

— 

«Li = 02 


Note Sea water to (0 4 ii MgCb 1 part plus sea water 1 part) gave no change of 
p D (5 observations) whence = 19 

Sea water to (0 4 u CaCb 1 part plus sea water 1 part) gave a change of 56 4 ± 2 0 
mv (5 observations) m a negative direction (but no calculation can be made) 

protoplasmic surface is equtd to that of Na (or 7/Na) The latter has been 
found to be 0 2 m Valonia and the concentration effect^® shows that it is 
about the same m HaltcysHs 

We also see differences m experiments with the alkah metals In 
H alley shs Uqs is higher than Vqi and higher than but m Valonia Uqs is 
lower than Hci ^nd about equal to “ 

® Blinks, L R , / Gen Physiol , 1935-36, 19, 633 
Damon, E B , and Osterhout, W J V , / Gen Physiol , 1929-30, 13, 445 Oster- 
hout, W J V , Proc Nat Acad Sc , 1938, 24, 75, 7 Gen Physiol , 1937-38, 21, 707 
See footnote 19 

n Damon, E B , 7 Gen Physiol , 1938—39, 22, 819 
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On replacing sea water b> 0 4 ii MgCli plus an equal volume of sea water 
we find no change m n d The calculation shows that if wc put //u, = 19 
we get 0 02 mv with sea water positive in the external arcmt but if we put 
= 1 8 we get 0 29 mv with sea water negative If we assign still 
lower values to f/ut tbe calculated value for sea water becomes correspond 
ingly more negative We therefore take as 1 9 

The measurements were made on Baltcysits Ositr}mUtt “ Blinks and Blinks, iiwng 
the technique described m former papers “ Some of the measurements were made 
by W C Chrcns, using a D’Arsonval galvanometer in place of the string galvanometer 
employed In previous work. 

No evidence of injury was observed in these experiments. 

The temperature was 20 to 

The RbCl and CsCl were obtained from Theodor Schuchardt, the remaining salts 
from KafalbaunL 

In column EE of Table I are shown the changes^* in pm produced by replacmg Bcr 
muda sea water by a solution made by mixiDg equal parts of Bermuda sea water and 
0 6 II solution of a chlonde. The mixture was brought to the pH of sea water (8J) 
this apphes to all the solutions used in this investigation unless otherwise stated 

Column XV gives the changes in pj> produced by replacing the sea water by an 
artihaal sea water containing 0.52 u of a chlonde m place of the 0 438 u NaCl found 
in Bermuda sea water 

Column VI gives the changes observed when the solutions of column IV were diluted 
with an equal volume of a solution containing 1 1 M mannite^* + 0 012 u + 0 02 
u CaCh. The note appended to the table gives the results obtained by repbdng sea 
water by a mixture^'' of 0 4 m MgCIj or of 0 4 u CaCla with an equal volume of sea 
water (both at pH 7.8) 

Ihe calculations of the apparent mobilities ujo and uu were made as in 

former papers^ by means of Henderson's equation, putting va " 1» and disregarding** 


** In the experiments here described the pj> at the start (in sea water) was normal 
in all cases. 

“Osterbout, W J V / Gm Pkynol 1936-37 20, 13 Regarding the amplifier 
see Hill, S E and Osterhout, W J V J Gen PAyrit?/ , 1937-38, 21, 541 

The pm Is detenmned as in Damon s expenments (Damon E B 7 Gen Pkynol 
1931-32 16, 525 1932-33 16, 375 1937-38, 21, 383) by taking the first ma xi mum 
of the pm time curve. 

“ For a time curSr of the changes due to sea water containing 0 ii KQ see Blinks 
L. R , 7 Gtfn Phynol 1932-33, 16, 147, and Osterhout, W J V J Gen FkynoJ , 
1937-38, 21, 631, 707 The time required to reach the maximum was about 30 seconds 
for the cases dealt with in columns fv and VI and about 3 or 4 times as long for those 
dealt with In column n 

*• Osterhout, W J V., Proc Bat Aead Sc , 1938, 24, 75 

** These mixtures were approximately isotonic with the sea water 

**C/ Osterhout W J V and Hill, S E 7 Gen Pkyticl 1938-39, 22, 139 
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^^6 3-nd The value of taken as 0 2 as in Volonta^^ and the value of 

«K in each column was taken as that given in the upper part of the column Thus in 
column IV it was found by trial that «k: = IS (putting t-ci ■= 1) We then have for 
RbCl the following 

= «Rb ^Rb = «Rb (0 52 ) 

Vi = rci Cci IS taken for convemence as 0 5 

Un = «Na CNa + KK Cr = 0 2(0 488) + 18(0 012) = 0 314 

Frt = vc\ Cci = 1(0 5) 

We find b}’’ tnal that «Rb = 18 

The calculations have been made (as for Valonia in former papers) on the assump- 
tion that the partition coefficient 5 (5 •= concentration in the external non-aqueous 
protoplasmic surface — concentration in the external solution) is the same for aU the 
salts This IS probably not correct since it does not hold for NileHa^ but it is the best 
that can be done under the circumstances since the mobdities of K^, Rb+, Cs+, and Li+ 
cannot very well be obtained by measunng the concentration effect The difficulty 
may be illustrated as follows In an artifiaal sea water containing KCl in place of 
NaCl (which wdl be called “R-sea water” for convemence) the pjd changes first m a 
negative and then in a positive direction A similar situation exists in V aloma “ 
It IS customary in these cases to take the apex of the curve as indicating the full effect 
of KCl but if no penetration took place a higher value might be obtamed 

If we wait imtil the apex of the curve is reached and then substitute for “K-sea 
water” a solution containing “K-sea water” + 1 part of isotomc manmte solution^® 
the curve begins to fall but as it would also fall in case no change of solution were made 
we cannot measure the concentration effect This difficulty is also found with RbCl 
and CsCl 

It IS of interest to note that the apparent mobihty of Cs+ in the outer 
protoplasmic surface is lower than that of K+ whereas m water it is higher 
In general the values of the mobihties do not agree with those found m 
water To what extent this is due to solvation or to the formation of com- 
plexes is uncertam 

It IS also of mterest that the values of the apparent mobihties m the 
outer protoplasmic surface agree so well when calculated from different 
combmations 

Thus far the behavior of Haheysits, as summarized m Table I, agrees very 
well with that of Valoma,^^ the greatest difference bemg found with CsCl 
which with Valonta acts veiw'' much hke NaCl but with Haheyshs behaves 

V 

as though nci were greater than aud Vci 

Accordmg to Damon and Osterhout (footnote 10) the change m p n on repkang 
sea water by sea water plus an equal volume of isotomc gl 3 xerol solution amoimts to 
11 6 mv Vfith Haheyshs the same dilution, usmg manmte solution (footnote 15) 
produces a change of 11 8 ± 0 1 (27 observations) 

^ Hill, S E , and Osterhout, W J V , Proc Nat Acad Sc , 1938, 24, 312 
21 Osterhout, W J V , / Gen Physiol , 1937-38, 21, 632 (Fig 1) 

22 Damon, E B , / Gen Physiol, 1932-33, 16, 375, 1937-38, 21, 383 
23 Cf Osterhout, W J V , / Gen Physiol , 1936-37, 20, 13 
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In Valonta is greater than «e or nut “ in Sdtcysits the value of 
«ijH, 13 uncertain because of the disturbing action of NHj If we replace 
sea water by 0 6 ii NHjQ plus an equal volume of sea water the concentra 
tion of NHi 13 great enough even at low pH to produce the reversal of sign 
descnbed by Blinks • But according to Bhnks at pH 5 low concentrations 
of NHiCI may act very much like ECL* 

With respect to MgCl, the two plants act similarly but with CaCIi 
a very different situation develops Replacement of sea water by 0 4 m 
C aClj plus an equal volume of sea water makes a change m the negative 
direction of 56 4 mv But, as Blinks has shown, a similar change is pro- 
duced by absence of CaCli ” Hence it is evident that the protoplasmic 
surface undergoes alteration and that Henderson’s equation is not obeyed 
In Valonta absence of calaum has httle or no effect “ 

aUMMAIlY 

Interest in the study of Baltcysits and of Valonta has been stimulated 
by discovenes of marked contrasts and stnkmg similanties enstmg side 
by side This is illustrated by new experiments with the alkah metals 
and alkaline earths. 

In Balicystts the apparent mobihdes of K+, Rb+, Cs+, and Lii- (calculated 
by means at Henderson’s equation from changes man produced by replac 
mg sea water by a mixture of equal parts of sea water and 0 6 u of vanous 
chlorides) are as follows ■= 16, Ugi, — 16, «c« ■= 4 4, and ■> 0 2, 

IB taken as 0 2 These values resemble those m Valonta except that m 
the latter jic, is about 0 2 

No calculation is made for «nh. because m these experiments even at low 
pH so much NH| is present that the sign of the fjj may reverse This 
does not happen with Valonta Accordmg to Blinks, NHi^ at pH 5 m 
low concentrations acts like K+ 

The calculation gives Wu, = 19 which is similar to the value found for 
Valonta 

No calculation can be made for CaClj since it produces protoplasmic 
alterabons and m consequence Henderson’s equation does not apply This 
differs from Valonta 

Evidently these plants agree closely m some aspects of electrical behavior 
but differ widely m others 

« Blmkj, Gtn Physiol , 1929-30, 13, 223 Blinij, L. R., Rhodes, R. D , 

and McCaUuin, G A , Proc. Not Acad Sc., 1935, 21, 123 

“ Tramfemng from sea water to 0 6 u NaQ haa little or no effect on the an of 
Valcnia Cf footnote 23 



INCREASE IN BACTERIOPHAGE AND GELATINASE 
CONCENTRATION IN CULTURES OF BACILLUS 
MEGATHERIUM 

Bt JOHN H. NORTHROP 

(From tht Laboratories of The Rockefeller Instiluto for ifedieol Rtseorck, Prineelojs 
Ifea Jersey) 

(Received lor pubUcatlon, June 17, 1P39) 

The increase m phage or virus concentration in the presence of hving 
cells IE formally analogous to the formation of enzymes by cells (1-S and 54) 
or from their precursors (6), os well as to the growth of cultures of bactena 
(40) There is an essential difference between the growth of cells and the 
formation of enzymes m that cells can use energy to synthesize themselves 
from simpler compounds whereas, so far as is known, enzymes cannot 
It IS not yet known whether phage or viruses possess this power of synthesis 
Until this knowledge is obtained it does not seem possible to deade as to 
which of the two analogies has a real physical basis and which is merely 
formal In the meantime it appears to the wnter that the much more 
simple analogy with enzyme formation has predicted the facts better than 
the analogy with celt growth. Thus, some viruses and phages, at least, are 
proteins (6-9) and may be isolated by the methods of enzyme chemistry, 
they may be inactivated and reactivated (10-13), they have no measurable 
respiration (14) Pepsin and trypsm are immunologically distmct from 
their precursors (15-16), just as phage and virus are immunologically 
distmct from their host cells. 

Pepsm and trypsm are formed by moculabon (25, 45) of solutions of their 
precursors with the active enzyme, just as phage or virus is formed after 
moculation of the host cells with phage or virus Some cells (‘lysogenic” 
bactena, virus “earners") always produce phage or virus just as cells in 
general always produce “normal" enzymes, and it has been suggested 
(1, 3, 5) that phage is a normal enzyme of certam cells which is mjunous to 
others Such lysogemc strains, however, may be produced m the laboratory 
by growmg resistant strains m the presence of phage (22, 40) This result 
renders less probable the assumption that phage is a normal product of the 
naturally occurrmg lysogemc stram New “adaptive” enzymes may be 
formed by ceils when grown in the presence of different sub5trat<^17-21, 
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46-48) The problem of the production of new, active, substances is 
therefore encountered in relation to enzymes as well as to phage or virus 

Both phage and enzymes are usually produced only by growmg cells, 
but under special conditions they may be produced without any cell growth 
(17-18, 29) Krueger (30-31) has shown that this ability to produce 
phage without growth is possessed only by cells which have just begun to 
divide Hegarty (48) has found that it is precisely these “young” cells 
which can produce new enzymes The production of virus m embryonic 
tissue (49) suggests a similar relation between the condition of the host cell 
and virus production 

The curves for the rate of formation of phage (23) and of enzymes (24-27) 
by cells or from their precursors (28, 45) are similar and more or less auto- 
cataly tic m character 

It IS evident from the foregomg that a formal analogy exists between the 
production of phage and the formation of enzymes If this analogy has 
any real physical significance the simultaneous formation of phage and of 
an extracellular enzyme m the same culture should follow very similar 
curves In order to test this prediction the rate of formation of phage 
and of a gelatmase by lysogenic and “sensitive” strains of B megathmum 
has been determmed imder a vanety of conditions In general the curves 
for the mcrease of phage and of gelatmase are very similar There is a 
rapid mcrease m phage and enzyme concentration durmg the growth stage of 
the bactena The mcrease in all these quantibes is loganthmic (auto- 
catalytic ) , ^e , the amount formed is proportional to the amount already 
present The concentration of phage and gelatmase reaches a maximum 
and then decreases The decrease may or may not be accompamed by a 
decrease m the number of cells dependmg upon the conditions and stram of 
bactena used The production of phage may be separated from that of 
gelatmase by varying the calaum concentration In the presence of high 
calaum concentration httle phage is produced while the gelatmase m- 
creases to a measurable extent, but less than it does m low calcium concen- 
tration In the absence of calcium no phage is produced and the production 
of gelatmase is decreased 

If restmg cells are used no mcrease m phage or gelatmase can be detected 
without cell growth If rapidly growing cells are used, however, a narrow 
range of aadity exists near pH 5 5m which no further ceU growth occurs 
but a large mcrease m phage may be obtamed Under proper conditions 
it IS therefore possible to separate phage production from ceU growth as 
may be done with enzyme formation 
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EXPEEniENTAI, RESULTS 

1 Megatherium Culture and Phage — The culture of megatherium (899 T) 
used was isolated ongmaUy by De Jong and further studied by De Jong (S), 
Gratia (32-35), 

WoUman (36), and 
others The writer 
IS indebted to 
Professor Gratia 
for supplying him 
with the vanous 
strains of the bac- 
teria and also with 
the phage The 
organism forms 
two types of cul- 
tures (1) a smooth 
stram (899 S) which 
does not spore 
and, (2) a spore 
forming stram (899 
R) Both strains 
produce a bacten- 
ophage which causes lysis 
of a sensitive stram 
(Meg 36 S) but does not 
cause lysis of the lyscH 
genic culture 899 which 
produces it 

Two types of phage are 
formed (34), one of which 
causes complete lysis of 
Meg 36 This“C”phage 
was used m the present 
work A second type of 
phage causes only partial 
lysis of Meg 36 (Phage 
T) 

2 Increase tn Number 
of Bacteria, Bacteri- 
ophage, and Gelatinase tn 


Fio 1 Incr«ie la plaque count, number of bactena, and 
gelatinase concentration during growth of resistant strain, 
899 T Yeast extract media shaken at 35'C., inoculated from 
18 hour 30°C Blake bottle culture. 



Fic 2 Increase in plaque count number of bac 
teria, and gelatinase conccntrabon during growth of 
resiatant strain 899 T After24 hours 10 cc. of culture 
added to 40 cc. fresh yeast extract media, shaken at 
35 C 
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Growing Lysogenic Cultures of B megatherium {899 T) in Yeast Extract 
Media at 35°C — The results of an experiment m which the bactena con- 
centration, the plaque count, and the gelatmase activity were determined 
are shown m Fig 1 

There is a lag period of about ^ hour in which no change is detectable 
The cell concentration then mcreases contmuously while the phage con- 
centration and gelatmase concentration mcrease much more rapidly than 
the cells at first, reach a maximum, and then decrease The curves are 
aU loganthmic durmg the stage of rapid mcrease The cell concentration 
remams constant after about 14 hours There is no demonstrable lysis 
The maximum number of plaques per ml is about 1000 X 10® or about 2-3 
times that of the maximum bactena concentration 40 X 10^ The plaque 
count m the filtrate is nearly the same as that of the suspension The 
maximum gelatmase concentration is 100-200 X 10~* gelatm umts per ml 
The relation of gelatmase production to cell growth is the same as that 
found by Kocholaty, Weil, and Smith (25) with Cl histolyticum 

3 Increase in Phage, Bacteria, and Gelatinnse in Successive Subcultures — 
The results of an experiment m which 10 ml of culture was added to 40 
ml of fresh yeast extract after 24 hours are shown m Fig 2 The general 
slope and relation of the curves remam the same although there is con- 
siderable vanation m the maximum gelatmase concentration and the 
maximum plaque count obtamed This experiment was earned through five 
subcultures without any significant change m the results Repetition of 
the experiment gave the same general result In some cases the maximum 
gelatmase concentration was much higher and was reached later than m 
the experiment reported The decrease m the phage and gelatmase is caused 
by the growth of the culture and is not due to simple m activation smee 
filtrates retam their activity under the same conditions 

Increase in Phage, Bacteria, and Gdatinase in Cultures of the 
Sensitive Strain {B megatherium 36) 

1 Lower Phage Concentration — The changes in phage and cell concen- 
tration of a culture of the susceptible strain moculated with phage 
depend upon the relative imtial concentration of cells and phage If 
cnltures contaimng more than 10^ bactena per ml of megatherium 36 are 
moculated with lower concentration of phage so as to give 10® or less 
plaques per ml the results are very similar to those obtained with the 
resistant stram (Fig 3) The phage concentration reaches a maximum 
durmg the rapid growth of the bactena and then decreases The relative 
concentration of phage to bactena at this pomt is below the cntical value 
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and therefore no lysis occurs The manmum gelatinase concentrabon in 
this experiment was reached later The oxygen consumpbon per minute 
was determined in 


a Warburg respi 
rometer It m 
creases at first m 
proporbon to the 
mcrease m bactena 
and then decreases 
at about the tune 
the plaque count 
decreases A sum 
lar relabon be 
tween oxygen con 
sumpbon and virus 
production was 
found by Zinsser 
and Schoenback 
(37) 

Z Etgh Phage 

Conceniralian — If cultures of the 
sensibve strain containmg less 
than 10* bactena per ml are in 
oculated with high phage concen 
trabon so that the imbal plaque 
count IS 10* per ml or more lysis 
occurs. Under these condibons 
the results are more irregular 
If the ratio of phage to bactena 
is high the enbeal rabo necessary 
for lysis 18 soon reached and lysis 
occurs rapidly and is nearly com 
plete As the rabo of phage to 
bactena is decreased lysis is de 
layed and is less complete and a 
resistant stram of the orgamsm 
develops in the culture (Fig 4) 
This resistant strain also produces 
phage but does not undergo lysis 



Fio 3 Increase in plaque count, number of bacteria, and 
gelatinase concentration and oxygen consumption per minute 
of susceptible stiafo, megaUtemm 3fi sensitive. Inoculated 
with low concentration phage “C,” yeast extract media, shaken 

at arc 



Fio 4 Increase in plaque count, number 
of bactena and gelatinase concentration of 
susceptible strain, megotkenum 3d sensitive. 
Inoculated with high concentration of phage 
'C** yeast extract media, shaken at 3S®C. 


Occasionally a second increase in 
growth rate occurs and is accompamed by a second mcrease m phage 
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(Fig 5) If subcultures are made after 24 Four mter%"als the curves are 
similar but the maximum phage bactena concentration obtamed 

vai 3 ' dependmg 



Ho 111*5 

Fig 5 Increase m plaque count and bactena concentra- 
tion of tncgallcn ttr 36 sensiti% e in j east extract media shaken 


at 35°C 


upon the relative 
amoimts present at 
the time the sub- 
culture was made 
(Fig 6) 

If the ongmal 
culture is shaken 
for 4S hours the re- 
sistant stram grows 
duimg the second 
da}"- and this is 
accompamed by a 
second mcrease m 
phage and gelati- 
nase (Fig 7) 



Hours 


Fig 6 Increase in plaque count and bactena concentration 
in successive cultures of v.cgalhcn wi 36 sensitive m j east ex- 
tract chaVpn at 35''C Subculture made at 24 hour mteiv'als 


If a subculture 
is made from the 
resistant culture 
phage and gelati- 
nase are agam pro- 
duced durmg the 
growth of the cul- 
ture but no Ij^sis 
occurs The cul- 
ture now behaves 
(35) like the ongi- 
nal lysogemc stram 
899 T It pro- 
duces phage but 
does not undergo 
tysis The phage 
and gelatmase con- 


b}' adding 10 cc. of old culture to 100 cc. of fresh j east extract centration were im- 

usually high m this 

expenment’^and it ma 3 -''be''noted that nearl 3 ^ as much phage was formed by 
the^resistant subculture as m the original sensitive culture 

Free aud Total^Phagcjii:d_Gelaltnase — ^The mcrease m free and total 





JOHK H NORTHROP 


65 


phage during growth of the culture is shown m Fig 8 70-80 per cent 

of the phage is free as Gratia states (33) This ratio remains nearly con 
stant during the growth of the culture In a few experiments (Fig 5) 



Fio 7 Increue in plaque coast bacteoa conczntntioD andgelAtlnaseconcentntiQn 
of caltoxe pugalkerium 36 sensitive in yenst ertract media shtken at sr’C. Sabcnltare 
made after 48 hoan when resistant strain was developed. 



Fio 8 Increase in plaque count in suspension (total) and m filtrate (free) m the 
presence of growing cultures of negatbenum 36 sensitive. Yeast extract media shaken 
at 26 C 
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the percentage of free phage was lower during the first part of the curve 
There is some mdication that the per cent of free phage mcreases at about 
the time lysis commences but the concentrations are changmg very rapidly 
with time at this stage of the reaction and it is difficult to be sure that the 
free and total phage counts on a sample are really comparable owmg to 
the necessary difference m handhng the sample It seems probable that 
this difficulty accounts for the discrepancy between WoUman’s (36) and 
Gratia’s (33) results No further change m the amount of free phage occurs 
on standmg Most of the phage combmed with the cells may be removed 
by repeated washmg but about one-quarter of the amount remams fixed It 
must be noted that these figures are all “infective umts” and may not 
represent actual quantity of phage It is quite possible that much larger 
quantities of phage are combmed with the cells than these figures mdicate 
smce one infected cell will show only one plaque no matter how much phage 
IS m or on the cell 

The gelatmase activity of the filtrate is the same as that of the whole 
suspension Washed cells have no demonstrable gelatmase activity 
Similar results have been obtamed by Kocholaty, Weil, and Smith (25) 
with Cl hutolyttcum 

Increase in Total or in Combined Phage — The preceding experiment shows 
that most of the phage in these cultures is free This fact renders it possible 
to determine whether the mcrease in phage depends on the total phage 
concentration or on the quantity of combined phage With most cultures 
such as Staphylococcus this experiment cannot be done smce practically aU 
the phage is combmed with the cells 

In order to determme whether the mcrease m phage is proportional to 
the total or to the combmed phage a culture was moculated with phage 
and shaken until the cell and phage count was begmnmg to mcrease 
5 ml ahquots of the culture were then centnfuged and one set of ahquots 
stirred agam and shaken at 35'’C The supernatant solution contammg the 
free phage was removed from the other ahquots and the supernatant of a 
similar culture but which contamed no phage, added to the preapitate The 
preapitate was then stirred and the suspension shaken The results of 
this experiment are shown m Table I The figures are the average of four 
tubes They show that the entire suspension contamed 1300 plaques per 
ml while a suspension of the preapitate contamed only 300 plaques per ml 
After 2 hours shaking both suspensions contamed about 18,000 plaques per 
ml Thus the same amount of phage was produced by the preapitate 
alone as by the whole suspension although the latter contamed ongmally 
4 times as many mfective units The quantity of phage produced is there- 
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fore determined by the combined phage only As m the previous expen 
ment there is the possibility that the actual quantity of phage m the 
prcapitate is much larger than that mdicated bj the plaque count m which 
case this experiment is mconclusrve 

Eject of Phosphate, Oxalate, or Excess Calcium on Phage or Gelalinase 
Production — ^Bordet (4) and Gratia (35) have found that calaum is neces 
sary for the producbon of phage Merrill and Clark (38) found that 


TABLE I 

Formalion of Pkagc hy Whole Culture and by Preapdate Alone 


100 bU. pcptont plu bMUria from It hr BUhe boUU pIosODl ml. 
filtered Sfa«Le 25*C. 

lOO mL pepum phnbscUrU {ma 18 hr 
fiupcfiuoo Nopbaxc. Shake at 2SC. 


n 

Hn.at irc 

Bacterk per loL 

PU<tnca per ml. 

BatUrla per mL 

0 1 

0 37 X 10* 

200 

0 40 X 10* 

1 5 

0 52 


1 0 55 

3 0 j 

0 80 1 


0 83 

4 0 

0 92 

t 600 

0 95 


Eight 5 0 mi tliquoU of No I contriingcd 10 minotei 


AHqtiots No 1 2, 3 4 reso^Moded in Kupernttant. 
Transferred to fluks ind ahaVi>ri «t 25 C 

lABqaoU No, 5 6 7 8 npenuUnt 
rcmonrtd and repheed 1^ nper 
nstjnt from No If PndpIUte 
stirred and sospensloD ehahen at 

1 2rc. 

Hra. ahakto j 

Bacteria per m} j 

1 FlarTaet per oi j 

1 Bacteria per ml | 

1 BliTToca perm] 

Arerai:* of 4 tnbea | 

1 Arenst el 4 tnhea 

0 

1 

2 

Increate in pljupiei 
per mi 

Per cent Increue in 
pUqaes per mi 

1 06d=0 05 

1 34±0 OS 

1 84db005 

1 300 ± 100 
700 ± 100 

17 300 ± 300 1 
16 000 

I 000 

1 OSzbO 05 ; 

1 40±005 

1 70 ± 0 10 

300±50 

200±S0 

19 600 ±300 

19 300 

6 000 


Proteus would not produce proteinase without caldum Similar results 
were obtained by Hames (38 a) Tables II and HI show that no phage and 
very little gelatinasc is produced m the presence of excess phosphate or 
oxalate ions which remove the calaum ions. After several subcultures m 
such solutions the culture no longer produces phage when returned to the 
control solution without phosphate or oxalate but the gelatinase is formed 
agam under these conditions Excess caldum also prevents phage forma 
tion but does not decrease gelatinasc formation markedly 
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Increase tn Phage without Cell Growth — Gratia and others early pointed 
out that increase in phage occurred only when the host cells were increasing 
(39) Krueger and Northrop (23) found that this relation held quite accu- 
rately but that the ratio of the increase m phage to that of bactena vaned 
somewhat under different conditions mdicating that it might be possible 

TABLE n 

Effect of Phosphate or Oxalate on Phage or Gelahnasc Production 
Sodium oxalate or sodbum phosphate added to 100 ml peptone pH adjusted to 
7 6 Autoclaved Inoculated with 1 X 10® bactena per ml and 100 plaques per ml 
Shaken at 35°C 




0 


u/lOD sodium oxalate 

M/so sodium phosphate 

Time 

10* bac- 
teria per 
ml 

Plaques 
per ml 

Gel U 
per ml 

lO’ bac- 
teria per 1 
ml ' 

1 

Plaques 
per ml 

Gel U 
per ml 

10’ bac- 
teria per 
ml 

Plaques 
per ml 

Gel U 
per ml 

hrs 










0 

1 0 

ICP 

0 004 

1 0 

1(P 

0 004 

1 0 

101 

0 004 

3 

2 3 

10' 

0 006 

2 3 

20 

0 002 

2 4 

0 

0 005 

5 

4 5 

2 7 X 
KP 

0 40 

1 

3 5 

0 

1 

0 05 

1 

2 7 

0 

0 02 


TABLE in 

Effect of Addition of Calcium Chloride 

100 ml yeast extract plus calcium chlonde, pH adjusted to 7 6 Boiled and filtered 
50 ml filtrate plus 1 X 10® bactena per ml plus 2 6 X 10* plaques per ml Shaken 
35°C 


Final 

coocen 

tration 

calcium 

chloride 

added 


0 

1 


0 012 

1 


oozs 



0 05 

1 


0 10 


Time 

ICP 

b 

per 

ml 

tot pi 
per ml 

Gel U 

ml 

10' 

b 

per 

1 ml 

tot pi 
per ml 

Gel V 
per 
ml 

tot 

b 

per 

ml 

10> pi 
per ml 

Gel U 
per 
ml 

lot 

b 

per 
ml j 

tot pi 
per ml j 

Gel V 
ml^ 

10« 

b 

per i 
ml 

to* pi 

per ml 

(gci t; 

per 

ml 

hrt 

0 

1 0 

2 5 

0 004 

1 0 

2 6 

0 003 

1 

1 0 

3 0 

0 004 

1 0 

■ 1 

2 7 

0 004 

1 0 

2 6 

1 

0 004 

3 

24 

2 5 

10,000 

1 

0 07 

2 4 

10,000 

2 0 

1 6 

10,000 

1 

1 

1 8 

8,000 

1 0 

1 7 

2,000 

0 7 


to separate phage mcrease from cell growth Such a result is to be expected 
from the analogy between phage and enzyme production since micro- 
organisms may produce enzymes (17-18, 29) under certain conditions 
■mthout ceU division Pepsin and tiypsm may be formed from their pre- 
cursors m vitro (28) Thus, if any real relation exists between phage produc- 
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tion and enzyme formation it should be possible to obtam mcrease m phage 
without cell growth and probably even m cell free extracts Krueger and 
his co-worLers (30-31) was subsequently able to separate the two vanables 
and obtam mcrease m phage without any mcrease m cells and also m cell 
free extracts (SO) The mcrease m phage without cell growth can only be 
obtamed when “young” cells are used This result is m strikmg agreement 
with the results of Hegarty (48) who found that only young cells could 
produce new enzymes m the presence of new substrates Krueger s 
cipenments (30-31) were done with Stapitylococcus phage and have been 
repeated and confirmed m this laboratory A large number of unsuccessful 
attempts to repeat these results with B megathenum were made under a 
variety of conditions Eventually, however, it was found that such an 
mcrease could be obtained by adjusting rapidly growmg cultures to a very 
narrow range of pH near S 5 In this narrow range there is rapid mcrease 
m phage with a slight decrease m cells In very shghtly more aad solution 
both cells and phage decrease while m slightly more allahne solution both 
cells and phage mcrease 

The results of such an experiment are shown m Fig 9 The number of 
bacteria decreases shghtly at pH S 43, 5 52, and 5 58 The plaque count 
decreases at 5 43 but mcreases more than 50 times m an hour at pH 5 52 
and 5 J8 At 5 64 there is some mcrease m cells Control experiments 
without phage give the same figure for the changes m bacteria concentration 
as m the cultures which contamed phage 

Phage Produdum dttnng Growth or Lysts — d’Herelle (39, 40) found that 
the plaque count m growmg cultures mcreased in steps or “bursts” and 
this observation has recently been confirmed by Elhs and DelbrOck (41) 
d’Herelle considered that the phage particle multiphed in the bacteria 
cells and that the cell then burst hberatmg a large number of phage par- 
ticles These particles attached themselves to other bactena and the proc 
ess was then repeated 

Burnet (42) tested this hypothesis by determining the mcrease m plaque 
count m small samples containmg ongmally one or two plaques but the 
results are not very convincmg owmg to the small number of counts made 
A more serious difficulty hes m the fact that the percentage of samples show 
mg positive results mcreased from 40 to 100 This result shows either that 
the method used will not detect one particle or else that the phage in 
creases, not from 1 to 40 particles but from 0 to 40 If the method cannot 
detect a single particle the results mdicate that a certain minimum concen 
tration of phage is needed to give positive results and the sudden mcrease 
in plaque count occurs when this nummum is overstepped 
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In any case there are no data to show that the sudden increase occurs 
during lysis as the number of bacteria was not determined 
Doerr and Grunmger (53), Bronfenbrenner (39), and Krueger and 
Northrop (23) found that the pnncipal increase m phage occurs dunng 
growth of the bacteria and veiy httle after lysis starts Similar results 
were obtamed by Clifton and Morrow (52) Krueger and Northrop con- 
sidered that lysis occurred when the phage per bacteria ratio reached a 
certam cntical value In confirmation of this idea they found that the 
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Fig 9 Increase m plaque count without cell growth at pH 5 52 100 ml yeast 

extract moculated with 10 X 10’ bacteria per ml from 18 hour 30°C Blake bottle 
Suspension shaken at 35°C for 2 hours 20 ml aliquots titrated to pH 5 43, 5 52, 
and 5 64 25 X 10’ plaques per ml added and suspension shaken at 35°C 

addition of very concentrated phage to growing cultures caused immediate 
lysis and that under these conditions no mcrease m phage occurred This 
expenment has been repeated by the writer with the result shown m Fig 10 
The results show that lysis starts immediately after the addition of the 
concentrated phage The curve is a typical probabihty integral and when 
plotted in the differential form gives the usual probabihty curve This is 
the result usually obtamed when a culture of bactena is killed If lysis is 
caused by the increase of the phage particle inside the cell there should be 
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a lag period of 20-40 minutes before any lysis occurs and the phage con 
centration should increase Actually there was a shght decrease in phage 
instead of an increase 

The method used by Krueger and Northrop (23) detemimed total phage 
and not infective umts as does the plaque coimt method No sudden m 



Fig 10 Lysla of sospaiBion of Slapk^ocwxus muscat upon iddltlon of concentrated 
phage eolnbcm. 50 cc, yeast extract conUming 100 X 10® bactena per ml shaken 
at 35®C. for 2 houn. 1 cc. purified concentrated bactenc^hage (6) solution containing 
10“ plaques per mL added Decrease m bactena concentrabon determined by 
turbidity method. Initial plaque count per mL suspension 2 X 10^*, final plaque 
count 1 X 10“ 

crease at lysis would be predicted by d’Herelle’s hj-pothesis when the total 
quantity is determined smee it is assumed that there is merely a redistribu- 
tion of phage at that time. Also no lysis could be detected during the 
upward part of the growth curve when most of the phage is formed Ellis 
and Delbrilck account for this by assuming that the percentage of bactena 
lysed at time is so small as to escape detection i 
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With, the resistant strain of B viegathenwn used in the first two expen- 
ments reported no lysis can be observed at any time yet the plaque count 
reaches a height of more than 10® per ml This figure is 3-4 times that of 
the total cell concentration If the phage particles have been liberated 
by undetected lysis of cells it must be supposed that each cell hberates 
large numbers of phage particles 

It is difficult, from this point of view, to account for the mcrease in both 
bacteria and phage from one infected organism If the phage mcreases 
onl}’^ when the organism undergoes lysis then one mfected orgamsm could 
give nse to either more phage or more cells but not both If the cell lyses 
more phage will be liberated but no cells will be present If the ceU does 
not lyse there wiU be more cells but no increase in phage However, smgle 
cells of this lysogemc stram give rise to colonies as well as to more phage (55) 

If the percentage of orgamsms lysed dunng the growth penod is very 
small the percentage of phage formed dunng this penod must also be 
very small if it is assumed that each lysed ceU hberates a constant amount 
of phage Accordmg to this idea the pnnapal mcrease m plaque count 
must occur after \nsible lysis starts and the mcrease m plaque count must be 
roughly proportional to the decrease m the number of cells If, on the other 
hand, the phage is produced on or m the growmg ceUs then the pnnapal 
mcrease in phage wiU occur dunng growth mstead of dunng lysis This 
relation is best shown by plottmg phage concentration versus bactena 
concentration If phage is hberated dunng lysis such a curve should nse 
only a few per cent as bactena mcrease and the pnnapal mcrease m phage 
should appear as bactena decrease This wiU give a curve of type L m 
Fig 11 If, on the other hand, phage is formed and hberated continuously 
by the growmg bactena then the phage count should mcrease rapidly as 
bacteria mcrease and slowly or not at aU as lysis starts and bactena de- 
crease This wiU give a curve of the t 3 q 5 e G m Fig 11 The results of ten 
experiments are plotted m Fig 11 All the curves but two (27 and 93) are 
of the G form In the two L curves the amount of phage formed per 
bactena lysed is small and the form of the curve is deteimmed by only one 
pomt These curves are similar to those found by Krueger and Northrop 
with Staphylococcus phage 

The decrease m phage durmg 13 '^sis cannot be ascnbed to an inhibitmg 
substance smce filtrates from growing cultures or from cultures which have 
been dissolved bj'^ lysoz 3 Tne do not cause a decrease m plaque count 
If anvthing there is an mcrease m the presence of such filtrates 

In the case of mcgathenuvi and of Staphylococcus, therefore, it cannot be 
assumed that phage is liberated dunng l 3 ’’sis unless some secondar 3 ^ h 3 ’^- 
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pothesis is added In the case of some strains of B coh, however, there 
13 an increase m phage dunng lysis and the curves are of the L type (personal 
communication from Dr Ellis) 



10 ^ 

Fio 11 Changes m bactena and phage coDcentiation dnnng growth and l>’8is 
of vanoia cultures The number of bacteria per ml has been plotted against the plaque 
count per mL If the plaque count increases dunng growth of the organism the curve 
must nsc sharply with a positive ak^ and a sharp break at the time the bacteria con- 
centration decreases. The general shape will be that of curve G If the plaque count 
increases dunng lysis the curve will have a small positive slope during growth of the 
and the principal increase In plaque count must occur when the cell concentration 
decreases. Most of the curve therefore, must have a negative slope as in curve L. 
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Several curves have been obtained which show the step-like form 
descnbed by d’Herelle and EUis and Delbruck but there have always been 
shght increases m cell concentration corresponding to the sudden increase 
in phage concentration (Figs 5 and 6) Since changes m bacterial growth 
rate are greatly exaggerated in phage mcrease rates a veiy small change in 
bactena may make a very large change in phage 
These step-hke curves are found only in cultures which contain resistant 
forms and not m cultures hke Staphylococcus where lysis is complete and no 
resistant form appears It is suggested that the step-like curves are due 
to the presence of two or more strams of bactena or two or more phages of 
different rates of increase 

It was noted by Burnet that some phage solutions gave a longer lag 
penod than others and this observation has been confirmed in the course of 
this work Obviously the presence of these two types of phage will give 
step-hke curves 


Experimental Methods 

Baclenal Coiicenlraltoii — The light absorption of a senes of standard suspensions 
of known bactena] content was compared with that of a solution of m/25 copper sulfate 
m ir/10 sulfunc acid m a Klett photoelectric colorimeter The ratios of the colorimeter 
readmgs were then plotted agamst the ceD content of the standard suspension The 
bactenal concentration of the unknown sample was determmed by companng the 
unknown with the copper sulfate and reading off the equivalent bactenal concentration 
from the copper sulfate-standard suspension curve (Fig 12) 

Preparahon of Standard Stispension — h rapidly growmg suspension in 2 per cent 
peptone was analyzed for total cell count by direct microscopic count, number of colomes 
by platmg on agar, and total dry weight by washing and drying to constant weight 
at lOO^C The suspension contained 1 X 10® cells per ml , usually m clusters of 4-8 
cells, 0 2 X 10® colomes and 0 2 mg dry weight 

The dry weight content of different suspensions may be determmed within a few 
per cent by this method but the cell count per milligram dry weight vanes quite widely 
owmg to the difference m the size of the bactena The results have been expressed 
m terms of number of cells m a standard suspension havmg the same light absorption 
in order to show the approximate relation between the actual number of cells and the 
number of phage plaques They are accurate to a few per cent for the total quantity 
of bactena expressed m milligrams but there may be a considerable error m the number 
of cells The method does not distmguish between livmg and dead cells 

Example of a DeternimaHon — 1 ml unknown suspension added to 19 ml one per 
cent forrnahn and read agamst m/25 copper sulfate m M/10 sulfunc acid m Klett photo- 
copper sulfate 

electnc colorimeter Copper sulfate readmg = 32, suspension = 20, ratio — 

= 16 From Fig 1 this is equivalent to 0 02 mg dry weight per ml , or 1 X 10^ bac- 
tena per ml This is the concentration of bactena per milliliter of the dilution m 
formalm This is 1/20 the concentration of the ongmal suspension so that the onginal 
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Buspcnsicm contained 20 X 0 02 - 0 4 mg «* 20 X 10^ bacteria per mb If the culture 
media la colored or if low dilutions are used it is neccaary to correct for the color by 
making a determination on the culture media alone. 



Mg dry wcight/mL 
0 5X10’ Uld’ 15x10^ 

BactenA/mL. 


Fio 12 Comparison ol the U^t absorption of ii/lO copper sulfate and m/25 sulfunc 
add against suspension of washed bacteria Jn 10 per cent formalin Ratio of colonm 
eter readings a plotted against the mflllgrams dr> weight per ml 0 01 mg dry wa^t 
pet mb is equlvjdent by direct microscopic count to a^ut 0 5 X 10^ bacteria per mb 
The results on a dr> weight basis are accurately reproducible. The cell count in dif 
ferent suspensions may var> considerably owing to difference in the sue of the cells 
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Pha^c Ddcrmtuahon — ^Thc time of lysis method desenbed by Krueger (43) cannot 
be used with B mcgalhcnum since lysis is too slow and incomplete to allow accurate 
determination of the time required for lysis The plaque count method was therefore 
used following the elegant technique described by Gratia (32) This method gives 
very accurate and reproducible plaque counts Ihe most accurate counts arc obtained 
with 200-500 plaques per plate Under these conditions the probable error of the 
average of 5 plates is less tlian 10 per cent The results by this mctliod are complicated 
by the fact that what is determined is the number of infected cells rather than the 
concentration of phage itself Thus a cell which is infected will give rise to one plaque 
no matter how much or little phage it contains Since the viegathcmm cell grows 
m clumps a further complication arises because a clump containing one or several 
infected cells will give one plaque in either ease The results also vary somcivliat 
depending upon the agar concentration, as Bronfenbrenner and Korb (44) found 
Indxcalor CtiUtirc — The sensitive strain of mcgalhcrtim 36 was used in making 
plaque counts The culture was kept on broth agar slants, incubated 24 hours at 
SO'C , and stored at 6°C Transplants were made once a i\cck If transferred everj' 
day the culture may become resistant The growth was washed from the slant with 
5 ml sterile yeast extract and broth agar Blake bottles were inoculated with 1 ml of 
the suspension and incubated at 30°C for 18 hours The growth was washed off in 
10 ml of yeast extract and diluted to 0 1 mg bacteria per ml (5 X 10’ bactena) and 
shaken 1 hour at 35°C in Florence flasks It was then allowed to stand at 20®C and 
3 5 ml used to prepare the plate as described by Gratia Control experiments showed 
that the count vanes with the condition of the culture Thus, if tlie suspension is 
used immediately after washing ofT the Blake bottle the count is about one-half tliat 
which IS obtained after 1 hour shaking After this time tlie culture gives constant 
counts for 15-20 hours and then gives lower results again 

Culture Medta 1 Peptone — 2 per cent Fairchild’s peptone plus 1 per cent sodium 
chloride pH 7 6, no phosphate No phage is formed in some preparations of this pep- 
tone although good growtli is obtained Addition of 0 01-0 02 M calcium chloride may 
cause phage production but the results are irregular 

Z Yeast Extract Medxa — 1 ml glacial acetic acid added to 1 liter distilled water 
and boiled 40 gm Fleischmann’s dried yeast added and suspension boiled i hour 
Filtered Filtrate titrated to pH 7 8 and boiled 15 minutes Cooled to 10°C for 24 
hours Filtered and autoclaved This media gives luxuriant growth of Staphylococcus, 
typhoid, colt, uiegathcnum, and many other bactena 

Cultural Condthoiis — Krueger and Nortlirop (23) found that much more regular 
results vcrc obtained with Staphylococcus culture and phage if the culture were shaken 
Gratia (32) has noted the same result with mcgalhcrtum and this result has been con- 
firmed m the present work Mcmll and Clark (38) found greater production of gelati- 
nase in aerated cultures The culture was grown in 250 ml Florence flasks containing 
100 ml or less culture media They were rocked in a water bath at tlie desired tem- 
perature so as to cause violent agitation Under these conditions the bactena concen- 
tration doubles in less than 1 hour and a maximum concentration of 4-6 X 10* bactena 
per ml equivalent to 1 mg per ml drj-^ weight is readied If tlie culture is not shaken 
growth IS ver>'’ much slower and never reaches such high values 
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Gdaltnase Dderminalion Gtlclin Solulion — ^25 gnL air dry isoelectric gelatin 

jj ^ /o 015 iiammomuin acetate „ ^ 

added to 500 mL ^ hydraride “> PH ? « niter 

and store at O’C. For uk warm to 80 C for 5 minutes, pipette 5 ml. in test tube, 
cool to 35“C for 10 mmutes or longer 1 mL culture added to 5 ml gelatm, solution 
poured mto Ostwnld viscosimeter and viscosity dctenmned at intervals The time 
of outflow Is plotted against the elapsed time and the per cent change m the relative 
viscosity per mi nute mteipolated from the curve. One gelatm unit (gel u ) is defined 
as a change m the specific viscosity of the gelatm aolution at the rate of 1 per cent per 
minute (51) 

Most of the eipeninental work reported m this paper was done by 
Miss EUiabeth Shears and Mr J F Gettemans 

suiniARY 

1 The increase m bacteria, phage concentration, and gelatinase concen 
tration in cultures of B megaihertum has been determined 

2 With lysogenic cultures the phage concentration, gelatinase concen- 
tration, and bactena concentration mcrease loganthrmcally at first The 
phage and gelatinase concentration then decrease while the bactena con 
centration increases to a mazimuni 

3 The results ate the same with sensitive cultures If the ratio of phage 
to bacteria is small If the ratio of phage to bactena is large phage, gdat- 
inase, and bactena concentration all increase at first and then decrease 
The marim um rate of mcrease comades approximately with the maximum 
rate of oxygen consumption of the culture 

4 60-510 per cent of the phage is free from the cells 

5 The amount of phage produced is detenmned by the combmed phage 
and not by the total phage 

6 Phage is produced dimng growth of the cells and not dunng lysis 

7 In a very narrow range of pH near 5 55 no mcrease m bactena occurs 
but large mcreases m phage may be obtamed 
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PART I 

Caialyitc Bratn Iron 

Memtt, Moore, and Solomon (1933) have reviewed literature dealing 
with the occurrence of precipitated spicules of iron in the brains of patients 
who have died with dementia paralytica (tertiary brain syphilis) Hie 
following quotations are from their paper, which should be consulted for 
atations 

''Iron pigment fa found in all nonnal brams m a fairly charactemtic dwtribution 
Thb iron fa spoken of as endogenous iron W'ben norma] brain is treated with the 
Turnbull blue method this iron stains in a rather dlihzse manner and is dther free m the 
tissues or within the oUgodendroglia. Woth has studied the distiibubon of this iron 
chemically and has shown that the amount found in the different regions of the normal 
brain parallels the results obtained by the histopathologic method (Turnbull blue 
reaction) 

Tn dementia paralytica the iron is found in a very characteristic [and differcntl manner 
as follows when brain tissue fa stained with the Turnbull blue method small spicules 
of iron pigment are found In the cells of the blood vessel walls and in the body or processes 
of the microtia cells. This iron fa not localieed In any one portion of the brain but fa 
distributed diffusely through the cortex, basal ganglia and other regions and grossly 
parallels the mtensity of the spedffc mflaramator> process 

'As to the specificity of the reaction it must be stated that Spatz and Metz have 
described similar iron deposits only In the brain of patients who died of African sleeping 
sickness, which it should be remembered, is a tiypanosonml disease and fa often in 
distinguishable hfatopathologiailiy from dementia paTal>^ca. 

In dementia paralytica iron deposits are found diiefly in the cortex and in the corpus 
striatum, Jahncl states, The iron reaction is positive without exception m tj'pical 
dementia paralytica.' In ilowly devdoping or in 'stationary' cases the iron reaction is 
commonly very weak and at times one may mils it 

The source of the pigment Is still not dear Its ongin from blood cells is not accept 
able because usually one docs not find hemorrhage, diapiedcsis or red cells undergoing 
phagocytosis in cases of dementia paral> tica. 

'This question of iron pigment In dementia paralytica fa of paramount importance in 
relation to the pathologic process of dementia paralytica ' 
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We to indicate that the above findings are consistent with the view 
that the preapitated iron spicules found in brains of general paretics come 
from a transformation of part of the catal 3 ^tic iron of the brain to a pre- 
apitable inactive form as a result of the infection This iron is normally 
present in heniatm denvatn es such as c^dochrome The brain is especially 
well supplied witli C 3 dochrome-C 3 dochrome ovidase 

hfenkin (1935), Menkin and Talmadge (1935), and Lorenz and 
hlenkin (1936) have discussed the development of iron pigment, 
which does not come from hemoglobm break-down, accompanymg a vanet 3 f 
of pathological conditions m tissues other than the bram 

If our view is correct, the total iron m the brains of general paretics and 
controls should be the same If the iron granules of paretic brams come 
from the blood, the total brain iron of this group should be larger Freeman 
(1930) showed that schizophrenic patients have a significantl 3 ’- smaller 
amount of total bram iron than have other patients In his published data 
the anah'ses of eight cases of general paresis are, fortunatel 3 % mcluded We 
have elimmated the schizophrenic group (having low iron) and one case of 
perniaous anemia and have a\eraged the remaming twent 3 '--four non- 
general paresis cases as controls This control group gives a mean of 47 6 
mg Fe per 100 gni dned cortex, mth a standard de\nation of ±0 554 
The eight general paretics give 48 3 mg Fe per 100 gm dned cortex with 
standard de%nation of dbO 891 The difference of the means is 0 9 The 
cr difference (square root of the sum of the two standard deviations squared) 
IS 1 05 Hence the mean difference of 0 9 is entirel 3 ’' without significance 
and tlie total iron content of the brams of the paretic group and the con- 
trols is not different 

On the ph 3 ’-siological side, studies of temperature charactenstic of alpha 
bram n ave frequenaes in normal man and in general paretics, whose tem- 
peratures were raised 63 ^ diatherm 3 ’’, furnish direct eindence for the view that 
catal 3 ’^tic iron is mactivated m advanced stages of paresis The Arrhenius 
equation, v = descnbes the speed of a vanet 3 >- of chemical processes 

as a function of temperature, where v is chemical veloat 3 ’-, c is the base of 
natural logarithms, T is the absolute temperature, r is a constant, JR is the 
gas constant, and M is the cntical thermal uicrement or energj'- of activation, 

7 c , the amount of energ}’^ per mol above the average energy in the system 
necessan’^ to render molecules reactive ‘ The values of /i recorded in the 

^ In ph^ sical chemical literature E is used in place of fi for the energi' of actii ation 
To a^ Old the implication that the fi of biological processes is necessanly identical with 
the energy of actiration as used b\ the ph\ sical chemists, Crozier has preferred to speak 
of as the "temperature charactenstic” rather than the energ\' of activation The 
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literature for cell respiration tn miro for seventy four different sets of ex- 
perimental data fall m some six modes (two of which are very distmctive) 
when their distributions are plotted (Hoagland, 1936a) The pnnapal 
modes are twenty values (27 per cent) at 16,500 ± SOO calones, thirteen 
(18 per cent) at 11,500 rt 500 calones, and four (5 per cent) at 8500 ± 500 
calones Earlier Croaer (1925-26) made a distribution plot of some 360 
values for diverse physiological frequencies (heart rates, respiratory move 
ments, etc of poikllothennal animals) which also conform to the Arrhemus 
equation The modes are of the same order as are found for cell respua 
tion For these data nmety six (twenty seven per cent) occur at 16,500 ± 
1000 calones, eighty-one (12 per cent) at 11,500 ± 1000 calones, and thirty- 
two (mne per cent) at 8000 ± 500 calones Thus for different physiological 
frequenaes 58 per cent of 360 values fall withm the 8, 11, 16 thousand 
calone groups and 24 per cent fall within other mmor but d efini te modes. 
For direct respiration detemunations of COi production and Ch consump- 
tion 50 per cent of seventy four determinations fall wi thin these three 
major groups and 34 per cent m mmor ja groupmgs Chi square tests have 
demonstrated the statistical reality of the modes (Hoagland, 19365) 

If frequency (with the dimension of reciprocal time or rate) be propor- 
tional to some underlymg chemical veloaty, we should expect to get the 
same p value for frequency as for a direct determination of the veloaty 
This follows from the nature of the equation 
If e «” se"'^, takmg logarithms we obtam, log e - c — p/2 3 RT, and, 
if the data fit the equation, a plot of log v against 1/T should give a straight 
line, with intercept e and negative slope p/2J R If the frequency is 
proportional to a chemical veloaty,/ ^ h — •= and agam 

taking logarithms we get, log/ ■= o' — p/2 3 RT Thus a plot of log / vs 
l/T would give the same p value as if we plotted log v vs \/T In a log 
frequency plot the intercept on the ordmate would be at o' instead of at c, 

» e the two plots would give parallel hues of the same negative slope equal 
to p/2 3 R, or p/4 6, smee fJ is 1 99 or 2 calones per mol per degree 

To account for the often recurring p values m different protoplasmic 
systems, Crozier (1924-25) onginally suggested that the modal values may 
correspond to energies of activation of specific catalyzed links m sequential 
steps m chemical chnins constitutmg cellular dynamics The wide recur- 
rence of certam respiratory enzymes m highly diverse tissue sj'stcms is m 


present wnters refer to p ns nctivntion energies for reasons that will appear In the fol- 
lowing pages although it should be borne in mind that the concept of energy of activation 
of an enayme system may not be identical with that as used by physical chemfats. 
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conformity with this view Catalysts promote reactions by so onen 
molecules that particular bonds can be broken in a way not possible ex 
by a marked mcrease m kmetic energy produced at elevated temperati 
and on theoretical grounds there is reason to expect the catalyst to de 
name the /x for certain types of reactions (Hmshelwood, 1929) In a cl 
of catalyzed reactions we should expect the slow link to act as mastei 
action or chemical pacemaker, thus determimng the veloaty as a wh 
If m different cell systems the slowest link is now one and now another 
few enzyme systems common to many different tissues, a multimodal 
tnbution of n values, such as has been obtamed, would be anticipa 
Moreover experimental conditions altermg the ratio of velocity constant 
the respiratory steps might be found to shift the jj. value from one of 
promment charactenstic group values to another Such expenmei 
shifts of /X from one of the 8, 11, or 16 thousand groups to another have b 
descnbed (Hoagland, 1936 b for citations) 

^ Most physiological rates conform to the Arrhenius equation m that t] 

give rectihnear relations when log rate is plotted vs \/T For syste 
mvolvmg two or more concurrent chams of processes with different 
values, each process of which contnbutes appreaably to the measured n 
we should not expect a rectilinear relation In such cases the Arrhen 
plot gives a curve which is concave upwards (Crozier, 1924-25) ® W1 
such concurrent processes are analyzed separately they are found to g 
rectilmear relations (Hmshelwood, 1929* for examples) Runnstrom (19« 
has shown that the respiration of fertilized Arbaaa eggs involves two c( 
current processes Korr (1937) has found the type of concave curve to 
expected under these conditions From Korr’s data Crozier (unpubhshe 
has calculated the effects of temperature on each of the two independe 
concurrent chams of processes separately These separated processes gi 
excellent rectilmear relations according to the Arrhenius equation The 
value for the process mvolvmg the cyamde-sensitive system is appro 
mately 17,000 calones, that for the other concurrent chain is approximate 

8.000 calones 

Hoagland (1936 a) reported that normals and early general paretics giv 
for alpha bram wave frequenaes /x = 8000 ± 200 calones, more advano 
paretics give /x = 11,000 ± 300 calones, and very advanced paretics gi’ 

16.000 ± 300 calones The results suggest that these /t values are energi 
of activation of particular chemical pacemaker links m respiratory reactic 

2 Crozier, W J , 1924-1925, / Gen Physiol , 7, 192 

* Hmshelwood, C M , 1929, The kinetics of chemical change m gaseous system 
Oxford, Umversity Press, 45 
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chains in the cells producing the rhythms. Evidently the advancmg 
spirochete infection shifts the chemical pacemaher from one reacbon to 
another 

The oxidabon of ferrous to feme iron tn vUro requires an energy of act! 
vation (ji) of 16,200 ± calories (Noyes and Wason, Hood et al , ated by 
Crazier, 1924-2S) In many cell respiratory processes it has been demon- 
strated by direct chemical methods that an iron catalyzed process is often 
the limitmg factor (Warburg, 1935) and it is known that the catalytic iron 
undergoes oxidation and reduction This is, madentally, consistent with 
the predominance of occurrence of approximately 16,000 calones among 
physiological p values 

In view of these findmgs a senes of experiments were earned out by 
Hoagland and his collaborators to test further metabobc factors under- 
lying central nervous rhythms and the foUowmg results were obtamed 

Lowering blood sugar by insuhn below a cntical level, and thus bram 
sugar, causes the alpha frequenaes m man and dogs to fall The fre 
quenaes recover when sugar is myected (Hoagland el al , 1937, 1939) 
Bram Oj consumption follows the curve of sugar after msuhn, and the alpha 
frequency curve, withm certam limits, parallels both the other curves 
(Himwich et al , 1939) Dimtrophenol and thyroxm, well known metabobc 
stimulants, cause the frequenaes to mcrease (Rubin, Cohen, and Hoagland, 
1937, Hoagland, Rubm, and Cameron, 1939) Pentobarbital sodium, 
which inhibits bram respiration tn vtlro, slows the cortical frequencies 
(Hoagland et al , 1939) 

It should be borne m ramd that these findmgs apply only to frequenaes 
(» e , rates) and not to the amphtude factor or to the total energy of the 
bram waves, as may be determmed by the type of analyzer described by 
Grass and Gibbs (1938) Introduction of vanables other than that of rate 
m these particular considerations would not be pertment for us The 
above experiments have been earned out on men or animals showmg 
clearly countable alpha rhy thm s The probable errors of frequencies in 
SO seconds of such rhythms m man are less than 1 per cent (Hoa^and, 
1936a) 

These findmgs are of course not to be mterpreted as meaning that the 
only modifiers of bram wave frequenaes are necessarily changes m cell 
respiration Afferent stimulation, which modifies frequenaes, may do so 
by locally changmg cell respiration or by modifymg the electncal constants 
(impedance) of the cells or thar connectioiis through permeabihty changes. 
Absolute differences m frequenaes of different cell groups also are not to be 
regarded as due to corresponding absolute differences m rate of Oi consump- 
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tion, but rather to probable differences m structure of the cell walls or 
connecting fibers These considerations in no way inihtate against the 
\new that certain rekUve frequencj^ changes under standardized conditions 
are due to changes in rates of cell metabolism The waves may be regarded 
as ansmg m the cells mdependently of afferent connections, or, less hkely, 
as due to closed or “reverberatmg’" circuits set off initially by afferent 
stimuli Li the latter case oxidative recovery from the refractory state of 
the circuit may be pictured as important m determmmg the frequency 

It is probable, from what is known of other cells, that cortical cells 
produce potential gradients as a by-product of their respiratory metabohsm 
These may be of the nature of diffusion potentials across the cell membranes 
which possess definite electncal impedance and which discharge when the 
potentials reach a cntical value In such a system the discharge frequency 
depends on the speed with which the metabolic factor can load the capaaties 
of the ceU walls to their cntical discharge potentials The absolute fre- 
quency would thus depend on the rate of cellular respiration and on the 
electncal impedance of the cell walls If this last be siaitsHcally constant 
for a particular group of cells under the conditions of the experiments the 
frequency should parallel, and be a measure of, cortical respiration The 
nature of electncal sjmchromzation between the cell units is a matter with 
which we are not here concerned 

If the general \uew outhned above is correct it should be possible to test 
it b}’- obtammg a sunple two-component oxidative en 23 nne system actmg 
sequentially, conta inin g one of the deh)^drogenases common to bram, and 
also c 3 dochrome-c 5 ’’tochrome oxidase which is plentifully present m brain 
selectivel}’^ poisonmg one or the other of the components and thus 
makmg more or less of each component available, it should be possible to 
shift the ju for 0* uptake from one of two of the prmapal modal values to 
another characteristic of the slow step and independent of the absolute 
speed of 0- consumption When the lydochrome system is made the slow 
step b}" reduemg some but not all of its activity with a poison such as cya- 
mde, which does not affect the dehydrogenase link, the theory reqmres 
that the p value be approximately 16,000 calones 

PART n 

Activatwu Energies of Chemical Pacemakers 

Sizer (1937) and Gould and Sizer (1938) have demonstrated that /i 
\ alues of biological processes may be mdicative of specific enzymes Sizer 
has shown that the hydrol 5 ^is of sucrose and of raffinose by yeast invertase 
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gives a 11 value of about 12,000 calones, which is independent of pH changes 
ranging between 3 2 and 7 9 units and is not altered by the presence of 
electrolytes Gould and Sizer have shown that the decoloration of methyl- 
ene blue by the action of EscJiertcIna colt m the presence of ten widely differ- 
ing substrates yields a fi value of 19,400 calones for the dehydrogenations 
and 13 thus independent of the gross nature of the substrate (see Moelwyn- 
Hughes, 1933) 

If some process catalyzed by an enzyme sy stem containmg two or more 
components acting m sequence were to be studied tn vtlro, it should be 
possible to obtain different fi values for the process by partially poisoning 
different components of the system, thus making now one and now another 
stqi the slow one Furthermore, if one of these components be an iron 
containmg enzyme, one of the two it \alues may be expected to be 16,000 
± calones (see above) The objection might be raised that the enzyme 
catalyzed processes tn vtvo need not necessarily correspond to such processes 
til vtlro This objection has been met by Sizer (1938) who has shown that 
the mvertase mversion of sucrose by livmg yeast cells and by yeast cells 
killed in toluene yields identical n values 

Such a desired enzyme system may be extracted from the beef heart by 
methods described by Stotz and Hastings (1937) This ^stem has been 
shown by these workers to oxidize succinate to fumarate and to mvolve at 
least two components, a dehydrogenase and cytochrome-cytochrome 
oxidase The reaction for our purposes may convemently be written as 
follows 


COOH 

1 


COOH 

1 


1 

CHi 

1 


1 

CH 

1 + 2H + 0 


1 



CSt 

SucancH 

CH 

Cytridirome- 

1 

dehydrogcBaM 

1 

cytochrome 

COOH 


COOH 

ozidu« 


In this reaction succimc aad is oxidized to fumanc aad, and oxygen 
activated by the oxidase system is consumed The oxygen combmes with 
hydrogen from the succmate activated by its dehj drogenase The system 
IS of speaal mterest smcc it is almost imivcrsaliy present m tissues and 
plays a prominent r61e m carbohydrate metabolism (Szent GySrgyi, 1937) 
Both succmo-dehydrogenase and cytochrome-cytochrome oxidase are 
amply present m bram (Page, 1937), thus directly relatmg matters dis 
cussed m Part I with present considerations 

Stotz and Hastmgs have shown (1) that the enzyme as prejiared bj them 
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is free of fmnarase, since the amount of fumarate formed agrees stoicluo- 
metrically with the oxygen consumed, mdicatmg that none of the fumarate 
formed by the oxidation of succinate is hydrolyzed to mahc acid (2) 
The reaction follows first order hmetics The value of the veloaty con- 
stant does not deviate from the mean significantly for the first 85 per cent 
of the reaction, thus mdicatmg that there is no destruction of the enzyme, 
at least for the first 85 per cent of the reaction (3) The addition of 6 0 X 
10~* M NaCN or 2 0 X 10~® m selenite per 0 5 ml enzyme solution stops the 
oxidation of succmate completely (4) Oxidase activity can be studied m- 
dependently, smce cytochrome-cytochrome oxidase can oxidize />-phenyl- 
enediamme without a dehydrogenase and the dehydrogenase activity can 
be studied mdependently if a hydrogen acceptor, such as methylene blue 
reqmrmg no activatmg catalyst be substituted for oxygen and the cyto- 
chrome system These studies show that the adchtion of 6 0 X 10~® m 
NaCN stops the oxidase activity completely and does not dimmisb the 
dehydrogenase activity, while the adchtion of 2 0 X 10“® m selenite stops 
the dehydrogenase activity completely and does not dimmish the oxidase 
activity (5) The adchtion of less NaCN or less selemte partially and 
selectively mactivates one or the other of the components 
These observations show that the oxidation of succmate to fumarate by 
the beef heart extract proceeds m at least two steps Two different enzymes 
are required, which act sequentially If the view is correct that m such a 
system the speed of the slower step determmes that of the overall reaction 
(m this case the rate of oxygen consumption), and if m values are assoaated 
with enzymes as discussed above, then we may expect it to follow that (1) 
the enzyme system as extracted from beef heart should yield a ju value 
charactenstic of the particular step which is the slower (2) By partially 
poisonmg the other (faster) component of the enzyme system, a different ju 
value corresponchng to this now slower component should be obtamed 
(3) This shift in /u should come abruptly with mcreasmg concentrations of 
the poison (4) The ju value should shift back to the ongmal, if both com- 
ponents are poisoned such that the ongmal slow step is restored to this 
position (5) A ju value of about 16,000 should be obtamed when the 
cytochrome-cytochrome oxidase component, which contams catalytically 
active iron, is poisoned sufficiently to make this step the slow step 
The mvestigation was undertaken to determine whether these deductions 
could be verified experimentally All of the five pomts have been 
tested and the results have been found to conform entuely to the predic- 
tions 


QADIDIAN and n nOAOLAND 


89 


Procedure 

Preparation of Eniymc — ^Thc method of StoU and Hastings was employed without 
modiScation In extracting the enzyme system from beef heart 

Measuremeni of Oxygen Coimtmpiion — ^Reactions were earned out at constant 
temperature in Erlenmeyer type Warburg vessels, and the oxygen consumption was 
measured manometrically liach vessel contained 1 5 ml u/15 phosphate buffer (pH 
7 4), 6 0 X 10** u sodium lucanate, NaCN, or sclemtc la those experiments involving 
the poison technique, and enough distilled water to bnng the volume up to 2 5 ml In 
the side arm was placed 0^ mL of the enzyme extract The vessels were adapted to the 
temperature of the bath for at least 10 minutes before starting the reaction It tmis 
found that for speed and accuracy of measurement, a mixture of buffer, succinate, 
distilled ^Titcr and poison (whenever used), could be prepared a day or two previous to 
the expenraent, and 2^ ml of this mixture pipetted into each vesseL 

To start the reaction it Is necessary to taLc the vessels out of the bath and tip them 
to mix the enzyme with the rest of the reaction mixture. This takes some seconds, and 
since there may be as many as five reaction vessels in use simultaneously, the last rcac 
tion may not be started until as much as 45 seconds after the first Errors in time 
measuremenU due to this factor were eliminated to a great extent by taking the readings 
m the same order In which the reactions were started Since this takes approximately 
as much time as starting the reaction such erron could not have been greater than 10 
seconds. Furthermore, taking the vessels out of the bath produces slight temperature 
dianges For these two reasons accurate measurements at the very beginning of the 
reaction could not be made. Readings were taken every 5 or 10 minutes 

Determinations at a significant number of different temperatures were earned out 
wltbm as short a penod os possible (15 hours), and the first determination usually was 
repeated to ascert^ that the activity of the enzyme had not changed appreciably during 
the day If this change was over 10 per cent, the expenment was ifiscardetL Usually 
the change was much less than this To compensate for these errors, temperatures were 
selected at random throughout the day 

Mearuremaii of VelocUtcs of Readtcnr — ^It has been mentioned before that this 
reaction, if earned out under the experimental conditions specified by Stotx and Hastings 
follows a first order equation It is obvioua, however, that the reaction is not quite so 
simple, and there Is no Justification to expect It to follow this equation under varying 
conditions produced by poisoning the enzyme. It was desirable, therefore, to have some 
method other than the calculation of the veloaty constant to determine the speed of 
reaction TTiis was done In the followmg manner The oxygen consumption was 
plotted against time for each set of determinations. A family of curves was thus ob- 
tained, All these show an Initial lag followed by a portion of the curve which is almost 
linear The slopes of the curves at some point within this range can be determined 
rather accurately with a tangent meter giving directly the velocity of the reactions in 
c.mm Oj/mm, Thepoint of 120 c. mm of oxygen consumption was taken incverycase 
for this determination Tha point Is far enough along the reaction to be free from the 
effect of the 'initial lag,” and not too far along to make the dctermuiatlon time 
consuming 

Calculation cf p Faftfer —Speeds of reactions were obtained m the mann er described 
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Fig 1 Reaction curves for a single experiment with impoisoned enr>Tnc at different 
tempcraturea The hontontal line Indicates the points at which velocities were 
measured. 



Fio Z Effect of addition of suednate to the reaction alxtore at different intervals 
in the course of reaction • - control a ■ - 4 X 10-* m lacdnatc added-At 
points indicated on the graph 
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To test the effect of addition of succinate the following experiment was 
earned out Four vessels were prepared, the first two (controls) containing 
1 5 ml buffer, 0 3 ml of 0 2 m sucemate, and 0 7 ml distilled water along 
with 0 5 ml enz 3 ’'me in the side arm The other two contamed 1 5 ml 
buffer, 0 3 ml of 0 2 m sucemate, 0 5 ml distilled water, and 0 5 ml enz}rme 
along with 0 2 ml of 0 2 M additional sucemate m the side arm The vessels 
were placed m the constant temperature bath at 37°C After 15 mmutes 
of adaptation the reactions were started m the first two vessels and the 
course of the reaction was followed for 75 mmutes The course of the re- 
action m the other two vessels (Nos 3 and 4) was followed for 25 mmutes 
before the addition of sucemate from the side arm It was thus possible 
to superimpose the reaction curves of vessels 3 and 4 before the addition of 

TABLE n 

January 2P, 1939 Enzyme Prepared January 27 24 X 10~'’ m NaCN added 

Temperature 37°C 


Time of incubation with NaCN at 37°C before beginning of reaction — 1 and 2, none, 
3, 25 mmutes, 4, 45 mmutes, 5, 60 mmutes 


Time 

1 Oij-gen consumption in c.mm 


1 

2 

Average 

3 

4 

5 

miff 







5 

6 8 

8 4 

7 

9 

10 

11 

10 

24 1 

23 5 

24 

23 

27 

23 

15 

37 8 

38 6 , 

38 

35 

42 

42 

20 

55 0 

55 4 

55 

50 

55 

54 

25 

70 5 

70 6 

71 

68 

67 

73 

30 j 

87 7 

85 6 

87 

84 

81 

84 


sucemate on the reaction curve of the controls (Nos 1 and 2), and so 
determme at what pomt m their courses reactions 3 and 4 were at the tune 
of the addition of sucanate Fig 2 shows the results There is a defimte 
mcrease m the rate of ox 3 ^gen uptake with the addition of sucemate, in- 
dicatmg that there is no appreaable change m the activity of enzyme in 
the course of a single reaction 

To determme the effect of NaCN mcubation, five vessels were prepared 
Vessels 1 and 2 contamed the usual reaction mixture with NaCN and the 
enzjme m the side arm, while m the others the enzyme was mixed in mth 
the reaction mixture and the sucanate was placed m the side arm The 
reactions m these last vessels were started after varying lengths of time 
Table n shows the results of this experiment There is no significant 
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difference m the rate of oxygen uptake between the average of vessels 1 and 
2 m which the poisoning was practically instantaneous, and in vessels 3, 4, 
and 5 in which the enzyme had been mcubated with NaCN for IS to 60 
mmutes before the beginiung of the reaction 

ResiiUs of Temperature Studies 

Normal Emyme and Enzyme Potsoned with 24 X KP"’ u NaCN 
The results of these experiments are shown m Fig 3 Curve I is a com 
posite plot, made m the manner descnbed m the procedure, of five ex 
penments with unpoisoned enzyme extract covermg a temperature range 
of 23°C It IS obvious that the only curve that can be drawn through the 
pomts is a straight hne The hne fits not only the aggregate pomts, but 
also the mdividual experiments quite welL Much of the scatter of the 
pomts is probably due to an approximately 5 per cent dechne in enzyme 
activity durmg the day It should be recalled that the temperature deter 
nunatlons are deliberately scattered throughout the day’s run This curve 
yields a p value of 11,200 calories The fit is by eye, but a change m the 
slope of the hne, produemg a change m the /i value of 200 calories is no- 
ticeable, and would destroy the goodness of fit Other experiments, run 
as controls with NaCN experiments, and yieldmg p values about 11,000, 
but consistmg of merely three pomts are not mcluded m this plot 
Curve IV 13 a similar composite plot of five experiments with the cyamde 
poisoned enzyme In these experiments 2 4 X 10*’ u NaCN was added 
to each reaction mixture Since the normal enzyme yielded a p value of 
approximately 11,000, and smee, according to our hypothesis, the p value 
might be expected to be about 16,000 if the oxidase activated step were the 
slow step, it was assumed that the dehydrogenase-catalyzed step was the 
slow step in the normal enzyme (a pomt which we shall test further) 
Stotz and Hastmgs have shown that the addition of 2 0 X 10“' It NaCN 
to 0-5 ml of enzyme inhibits the oxidase activity 64 per cent This might 
be sufEaent inhibition to make the oxidase-catalyzed step the slow step 
m the oxidation of sucemate Fig 3, cime IV, yields a /i value of 16,100 
calones, mdicatmg that the slow step does change as expected 
Enzyme Potsoned mth Varying Concentrations of NaCN — We should ex 
pect the p value to change abruptly with mcrcasmg concentrations of 
NaCN Not until enough NaCN is added to make the oxidase catalyzed 
step the slow step should the /i value shift Fig 3, curves II and IH, show 
that this 13 actually the case Curve II is a composite plot of four experi 
ments with 1 2 X 10“’ u NaCN The n value is 11,400, which is not 
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xhormal enzyme 

K.lZXiCT’u CN'ADDEO 
ULiexierM cfTAooEo 
IKZ.AXKT'm cw added 


Fig 3 Arrhenius equation plot of a group of expenments on normal and cyanide- 
poisoned enzyme Individual expenments have been brought together by shifting the 
lines along the ordinate Each symbol represents a different expenment 
I ;x = 11,200 ir = 11,400 ni = 16,100 IV ^ = 16,100 


O NORMAL ENZYME 
□ •(ZXia’MCfr ADDED 

a-eaxicT m err added 


Fig 4 Arrhemus equation plot of a smgle expenment on normal and cyanide 
poisoned enzyme 
o—f, = 11,000 

□ — fi «=> 11,000 

A — fi =3 15,800 
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agiuficantly different from 11,200 Curve HI is a similar plot of two ex- 
periments with 1 8 X 10*' M NaCN The n value for this is 16,100 

Fig 4 shows the results of a smgle experiment with varjong concentra- 
tions of NaCN In this experiment determmations were made ^mul- 
taneously on the same enzjTne preparation poisoned with different concen 
trations of NaCN The hnes are plotted on an absolute scale, showmg 
changes m absolute rates as well as m p values The top curve shows the 
result of determmations with the normal enzyme The absolute rate is 
12 4 c. mm Oa/min at 32°C The n value Is 11,000 calones Addition of 
1 2 X 10“' u NaCN to the enzyme lowers the rate of the reaction (to 8 3 c. 
mm Oi/min at 32°C ), but does not change the p value, as shown by the 
middle curve This curve was purposely drawn parallel to the top curve 
It fits perfectly except for the lowest pomt If the concentration of NaCN 
IS mcreased to 2 4 X 10“' u, not only is the rate lowered stiU further (to 

4 8 c. mm Oi/min at 32“C ), but the p value is shifted to 15,800 calones 
(bottom curve) 

Entyme Poisoned wiih NaCN and SeUntle — If our assumption is correct, 
that m the normal enzyme the dehj drogenase-catalyzed step is the slow 
step, then the addition of selenite to normal enzjme should not change the 
p value, but the addition of suffigent selenite to the enzyme tystem al 
ready poisoned with NaCN should yield a p value of about 11,000 Fig 

5 gives the results of a smgle experiment which shows this to be the case. 
The top curve, the result of an experiment with the normal enzyme, yields 
a p value of 11,400 Addition of 2 0 X 10“* u of selemte lowers the ab- 
solute rate of the reaction, but does not change the p value (second curve) 
On the other hand, the addition of 2 0 X 10“' li NaCN does change the 
p value to 16,200 (third curve), and the addition of 2 0 X 10“* ii selemte to 
the enzyme already poisoned with 2 0 X 10“' u NaCN changes the p 
value back to 11,400 (bottom curve) Changes m absolute rates are of the 
same order of magmtude as m the previous experiment 

Fig 5, bottom curve, shows a definite break These curves are plotted 
on an absolute scale, and it can be seen that several pomts on the two lower 
curves comade at low temperatures It is reasonable to expect that the 
concentration of selemte used does not poison the dehydrogenase com 
ponent to make the dehydrogenase-catalyzed step the slow step over the 
entire temperature range, and that the oxidase-catalyzed step may become 
the slow step at lower temperatures 

In Fig 6, curve I, we have a composite plot of three eipenments m which 
sufBaent cyamde (2 0 X 10“' m) was used to jueld the p of 16,000 calories 
Simultaneously data for curve II were obtained by usmg the same amount 


O-NORMAL ENZYME ^ 

D*ZOXICr* M SELENITE ADDED 
A-20XICr' M CN~ ADDED 
O-ZOXICT’ M CN" AND 
ZOXIOr* M SELENITE ADDED 



l/TX 10^ 

Fig S Arrhenius equation plot of a single expenment on normal and poisoned 
enzyme 
C—M = 

Q-p = 

A-p = 

O t= 


cr^ mcn 

cr' msei 


I/TX 10* 

Fig 6 Arrhemus equation plot of a group of experiments on enzyme poisoned with 
c) amde and \\uth cyamde plus selemte 
I p = 16,000 n /X = 11,400 
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of cyanide plus enough selenite (2 0 X 10^ m) to make the dehydrogenase- 
catalvzed step the slower of the two The fi value for curve II is 11,400 
calones. 

DiscnssioN 

It IS evident that the experimental finthngs fully confirm the deductions 
made from theory To summarize bnefly the experimental results, it has 
been shown that (1) the enzyme system extracted from the beef heart and 
containmg two components yields a value of 11,200 ± 200, (2) this value 
changes to 16,000 zt 200 when the enzyme is poisoned with sufiiaent 
NaCN, (3) this change comes abruptly with mcreasmg concentrations of 
NaCN, (4) the p value shifts back to 11,200 if sufBaent selemte is added 
to enzyme already poisoned with enough NaCN to yield a p value of 16,000 
It IS safe to state that these results confirm the view that m a senes of 
enzyme-catalyzed steps the slowest step can be the pace-determmmg step 
for the entire senes 

In Part I evidence was reviewed ahowmg that the frequencies of so called 
"spontaneous” central nervous rhythms may serve as a relative measure of 
the tissue’s metabolism. The p values for alpha bram wave frequenaes 
are shifted by syphihtic infection from 8 to 11 to 16 thousand calones 
Smce we have shown that endogenous bram iron is partially “precipitated” 
out as a result of the infection, we might expect an iron catalyzed step 
(such as that of the cytochrome-C3rtochrome oxidase system) to become 
the rate-det erminin g link resultmg m a p of 16,000 calones m advanced 
paresis In Part 11 we have shown that by reducmg the activity of some 
of the cytochrome-cytochrome ondase with cyamde we get a p of 16,000 
calones and we have presented evidence that the value of 11,000 calones, 
so often characteristic of tissue oxidations, corresponds to succmo-dehydro- 
genase as the rate-controlhng factor for Oa consumption So far no certam 
statements can be made concenimg the enzyme system correspondmg to 
8000 calones, although Graubard, Hoagland, and Foxhall have prehmmary 
evidence indicating that this may correqwnd to copper catalysis m certam 
reactions Copper is known to be an important constituent of widely 
distributed oxidases It is present m most animal cells mcluding the 
bram (Elvehjem, 1935) 

Quastel (1939) m a recent review summarizes evidence mdicatmg that 
glucose is probably the only substrate normally Involved m brain ondations. 
The importance of the r6Ie of the Cj dicarboxjhc aads, mcludmg the 
sucanate fumarate system has been stressed by Szent GySrgyi (1937)^m 
connection with glucose oxidation m tissues 


'1 
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Torres (1935) finds that cyanide inhibits the respiration of i 
per cent Quastel (1939) wntes, “The large inhibitory effect ( 
brain respiration points to the probabihty that the respiral 
largely through the cytochrome-cytochrome oxidase system 
cyamde-msensitive part of the respiration may be due to the 
flavme system ” 

We do not wish to imply that 16,000 ± calories is necessar 
be found assoaated with the cytochrome-cytochrome oxidase 
cytochromes a, b, and c act sequentially along with their seque 
(possibly copper-contammg) step, this would at once sugge 
bihty of several other /x values as temperature charactene 
system Approximately 16,000 calones was found under the 
our experiments The prominence of this value m physiolof 
together with other matters discussed above indicates that its > 
due to the cytochrome system acting as the slow hnk m a va 
logical oxidations under conditions m which this value is char 
the iron-contammg cytochrome-cytochrome oxidase system as 

SUMMARY 

1 Iron spicules found m the brams of general paretic patient 
from endogenous bram iron normally present m another form 
ports our earlier view that the ju value of 16,000 obtamed 
paretics for alpha bram wave frequenaes as a measure of cortica 
comes about from the slowing of an iron catalyzed link m con 
tion such as would result from the reduction of available cytc 
its oxidase, thus makmg this step a chemical pacemaker 

2 To test the basic theory of chemical pacemakers, a study 
the succmate-fumarate enzyme system contammg succmo-de 
and cytochrome-cytochrome oxidase actmg sequentially 

3 The fi value for the unpoisoned system is 11,200 ± 200 c 

4 Accordmg to theory, the addition of a cnltcal amount of cyi 
to be a specific poison of the cytochrome-cytochrome oxidase i 
not of the dehydrogenase) should shift the ju cleanly to 16,000 ( 
It does 

5 Accordmg to theory, selemte, a specific poison for the deh 
should stop all respiration without shiftmg the fi This also is 
the case 

6 The theory also predicts that if the ju is shifted from 1 
16,000 ± by cyanide, the subsequent addition of a cnitcal amo 
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7 It 13 concluded that approxunately 11,000 calones is the energy of 
activation of the succino-dehydrogenasc-catalyzed step and 16,000 calones 
IS that for the cytochrome-<ytochrome ondase-catalj^d step These 
two values ore encountered more frequently than any others in philological 
systems It is to be recalled that a shift of fi for alpha brain wave frc- 
quenaes from 11,000 to 16,000 calones occurs m the course of advancmg 
syphihtic brain infection and is accompamed by a change m form of bram 
iron 
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HI AI As A FuKcnoN op Area, Intensoy, and Wave length, tor 
Monoctjlar and Binocular Sthidlaiion 
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(from Tki Biolopcal Lahoratona, Earcard Vnmrnty Cambndic) 
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I 

An increase in the size (A) of a uniformly illuminated retmal light image 
usually occasions a decrease in the amount of light (•= I X t) required to 
elidt a threshold response (Auhert, 186S, Riccd, 1877, Abney, 1897, Piper, 
1903, Hemus, 1909, Fujita, 1909, and Piiron, 1920a, i) With eiqiosure 
time as parameter, the intensity of the threshold stimulus (herem labelled 
All) has been found empincally to be, nearly enough, but with certam 
qualifications and restnctions, a declining power function of the sue of the 
retinal image (Abney, 1897, Abney and Watson, 1916, Wald, 1937-38), at 
least over a limited range of A and of A/o 

log A/f — — f log A + c (1) 

Alt is the mtensity of the threshold stimulus (* e , for this case, /i — L =■ 
/i — 0 =■ A/o, m photons), A is the size of the retinal image (m square 
millimeters, or m degrees visual angle for a symme tncal figure — up toca 5°) , 
and z and C are constants The value of s, however, also proves to be a 
systematic function of particular physiological vanables Equation (1) 
then assumes the form of a general exponential 

AI, - C'A-’ (2) 

m which X IS no longer to be regarded as sensibly constant, instead it is to 
be treated as a function of one or more dimenaiona of the retinal hght image, 
so that z «• / (fi, AI, A, retmal location, form of test patch, exposure 
tune, ) 

Attempts have been made to account for the properties of threshold data 
primarily in terms of the assumption that their quantitative features are 
detenmned by events at or m the retinal receptors (cf von Knes, 1911, 
1929, Hecht, 1937) A variety of conside^tionjjeads us4fwrejcct this 
assumption (Crozierl*iy3T))TJrbzief "and Holway, 1938-39 6, etc ) Fimc 
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tional properties of the central nervous system provide a more comprehen 
sive basis for the mterpretation of the data of mtensive discnmmation 

Practically aU theories of absolute and relative threshold responses have 
mvoked the constant quantity or constant number concept, m some form 
{cf Weber, 1834, Wald, 1937-38) The assumption involves senous 
difficulties, and its necessity has never been demonstrated If used with 
reference to central nervous properties, the assumption leads to the proposi- 
tion that the visual minimum perceptible depends upon the eventuation 
m the nervous system of a defimte number of nervous impulses per umt 
time, or of a certam density of such impulses (r e , number/unit time/umt 
volume) The weakness m the traditional mode of usmg this general 
conception hes m takmg it for granted that this “defimte number” is fixed 
and constant, this leads to the assumptions (o) that threshold bnlhance 
mcrements are eqmvalent, (h) that just discmmnable steps m sensorial 
effect are equal Over a certam range of mtensities this is approximately 
true, but even the approximation is lUusory (Crozier, 1936, Crozier and 
Holway, 1938-39 a, b, etc ) When appeal is made to “number of exatatory 
impulses per umt tune” we, however, need not and should not be restncted 
to the notion that for threshold or other mtensive discrimination there 
obtams the requirement of constancy m this number at all levels of mtensity, 
or of area, or of retmal location The statistical mechamsm of discrimina- 
tory performance defimtely forbids the restnction of constancy (Crozier, 
1936) The manner m which magmtude of sensory effect E is really 
related to I, and which deterrmnes the nature of EE and of AZ as a function 
of I, IS to be ascertamed by means of considerations ansmg as a consequence 
of the measured properties of AJ 

Quahtatively we may assume that the number of central nervous umts 
or elements of excitation (z e , the number per unit tune) mcreases with 
mcrease of area m the retmal unage, and m addition theur density with 
mcrease of intensity, and with mcrease of exposure tune (over a limited 
range) For present purposes we need not attempt to specify the precise 
law of this mcrease The exatation reqmred for threshold visual effect 
must, however, be supposed to mvolve two factors, (a) the number of 
neiuons affected and (b) the frequency of discharge of impulses m each 
The basic supposition here is of course that the rules for activity m single 
penpheral nerve fibers apply also to central nervous umts (Lucas, 1917, 
etc ) 

Much has yet to be made out as to the quantitative relations obtainmg 
between the structural elements at vanous levels m the human visual 
apparatus (Poljak, 1935, 0sterberg, 1935) But it is safe to presume that. 
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m general, when the number of acti\e central elements is increased by 
enlarging the size of the light image on the rctma, a smaller density of 
impulses per unit fllummated area of retina should be required to eventuate 
the frequency of impulses necessary for sensorial discmmnabon, with other 
thmgs constant The relations between cntical flash frequency and flush 
fllummatioa for response to flicker illustrate these considerations {fj 
Crozier, Wolf, and Zerrahn Wolf, 1937-38 V) 

The rflle of the spatial distribution of sensitivities and effectivenesses of 
the reUnal elements and the nerve fibers mvolved is a separate problem 
Whatever the form of this distribution, even if it be one of entire uniformity, 
the frequency factor must enter, and thus influence the mtensity (flui/area) 
required to produce the necessary number of impulses per unit area. The 
same type of reasomng apphes for the analysis of the time mtensity func 
tions (ff data of Graham and Margana, 193S) Iforeover, it is clearly 
required that A/t for bmocular stimulation must on this basis be less than 
that for monocular presentation This has sometimes been demed (cf 
Graham, 1930), but is substantiated by tests m which proper provision 
has been made to msure bmocular accommodated fixation 

The properties of the mtntmum dtscrtmtnable, AI, like those of the mtnt 
mum perceptible {AI «), can be accoimted for m the same terms In general, 
AI (for a given /j), decreases as the sire of the retinal light image is maeased 
(Lasareff, 1911, Heinz and Lippay, 1928, Cobb and Moss, 1928, Steinhardt, 
1936-37, Holway and Hurvich, 1938) No homogeneous data (Crozier, 
1936) have been available, however, tor defining the relations between AI 
and A for monocular and bmocular exatation at various mtensity levels 
The present paper contains such data, with exposure time, mtensity, and 
several wave lengths as parameters We consider here chiefly measurements 
made with two observers for which the exatabflity functions of each of the 
two eyes are very nearly the same Results with an observer for whom 
this 13 not the case are important for the general theory, and will be treated 
separately 

n 

Apparatus and Procedure 

Measurements o£ A/ {- Is - Ii) es a function of the size of the mean visual angle 
were made at various intensities and wave lengths for both monocular and hinocular 
stunnlaUon. For monocular ezaunon a uniformly Dl nmina ted rectangular light 
image was projected upon the retina, centered at the fovea. Six areas were used. 
During any single sitting, wave-length (A), Intensity (fi) and exposure tune were param- 
eters, Before -s-h sitting the observer dart-adapted for 20 nunutes. The eipen 
ments began with the weakest (photopic) mtensity and the smallest area. At the 



104 


PROPERTIES OP ^^[SUAL Al 


beginning of a sitting, the observer adapted to tbe prevailing intensity for about 30 
seconds Then tbe eypenmenter added bght to 7i at a constant rate for log I, until a 
just noticeable increase in bnibance was reported Five A/ measurements vere taken 
m this manner for tbe smallest area m each senes Tbe size of tbe bgbt image vas then 
doubled, vrbile Ji, X, and other conditions remained unchanged l\Tien five measure- 
ments had been made for this area, tbe image was agam doubled m size This practice 
was contmued until five measurements had been secured for each of tbe sii areas at 
the lowest mtensitj' The same procedure was then employed for an mtensity about 10 
times as great as the precedmg I\ Thus, with respect to both area (^4) and mtensity 
(/i), the order of securmg the measurements was always m the direction of mcrease 

The method of presentation of the conditions under which judgment of just notice- 
able mtensive differences is to be made has of course a decided influence upon the 
magmtude of A/ for a gi\ en Ji, as is well known The procedure adopted for the present 
experiments was chosen to avoid as far as possible the effect of the presence of a fixed 
“surround ” It is known (Aubert, 1876, Cobb, 1916, Guild, 1932) that the presence 
of an illuminated area surroundmg the adjusted illummation of the test-patch, par- 
ticularlj'- at higher levels of illummation, reduces A/, at minimal and sub-threshold 
illuminations A/ is increased (unpublished data) The result at high lUurmnations is 
not altogether due to the blottmg out of internal reflections m the eye-piece of the 
obsenung instrument, although this is probably an additional factor m the choice of a 
surround m certam cases There remains the diflflculty, however, of deadmg how 
large and how mtense a surround to employ, and whether it should be of constant m- 
tensity, or equal or proportional to 7i Decision on these pomts cannot be based on 
agreements of the mduced properties of A7 mth the requirements of a particular theoreti- 
cal mterpretation of the dependence of A7 upon 7i, the mfluence of the surround upon 
the properties of a 7 is knonm to be a function of its area and mtensity, as well as of 
the level of 1\ The best solution is not to emploj' a fixed surround at aU 

The same procedure was adopted for the bmocular measurements The observers 
adapted m the dark for 20 mmutes or 45 mmutes, dependmg on the nature of the ex- 
periment (nife injrd) Startmg at the lowest value of 7i, and the smallest area, A7 
measurements were taken at all areas for the weakest mtensity used for white light or 
for a given wave-length Then 7i was mcreased tenfold and a 7 values were secured 
for all areas m order of mcreasmg magmtude 

Onlj bght of a gi\en wave-length composition was used durmg a smgle sitting 
Hence, for anj' given wave-length and mtensity specifications, the measurements are 
homogeneous for the determmation of the relation between a 7 and A, the angular 
size of the retmal image 

Fig 1 gives a simplified plan-view of the apparatus This instrument, a visual 
discnmmometer, has been desenbed m some detail (Crozier and Holway, 1938-39a) 
5o IS the pnmarj bght source, — m this case a flat nbbon filament, espeaally designed, 
operating at 6 volts and 30 amps The foUowmg controls served to eliminate fluctua- 
tions m emission due to vanations m the Ime The current taken from the Ime passes 
through a GR Vanac (an auto-transformer with contmuously adjustable output) to 
two transformers (capaatj = 20 amps , 6 volts) m parallel, and thence through a 30 
amp fuse and a Westmghouse No 37 ammeter to the lamp With t h is arrangement, 
vanations m current as small as 0 5 of 1 per cent can be detected immediatel} bj the 
experimenter and adjusted at the xmnable transformer The lamp was set m operation 
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for at least 20 minutes before each. expcmnenU (About 15 minutes are required before 
a steady level of current consumption la reached-) A continuous air blast through the 
lamp-house insures constant emission after this period of time, provided of course that 
fluctuations do not occur m the power line. Only twice during our cxpcrunents have 



substituted for 0 See text, 

we found it necessary to readjust the power supply at the secondary coil of the variable 
transformer to co r rect for variations in the line. These fluctuations, however, were of 
tufflaent magnitude to Justify our precautions (as a 10 j>cr cent change in current 

would occasion ibghtly more than one log unit change in intrinsic brightness) Throat 
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out the experiments, the current was mamtamed at 30 amps The resultmg emis 
gives nse to a bnihant ‘snow white’ impression 

Light emitted at the constant source So passes through the large quartz conder 
lenses, Li, which are located at a distance equal to their focal lengths from the p 
of the flat nbbon filament Parallel hght transmitted along the axis of the coUmic 
IS totally reflected 90° by the prisms at Pi The lenses Li place a uniformly 
lummated image of 5o m the plane of the bilateral shts, S One of the shts conta 
the fixation pomt, the other served as vanable aperture Capstan screws regulate 
size of the aperture defined by these sbt knife-edges Lz, situated at a distance 1 
5 equal to its focal length, sends parallel bundles of hght to the front-surfaced mi 
(chrom-alumimzed by sputter) which deflects the beam 90° Li forms an image 
m the plane of the stop A and the flat surface of the field lens Lz Lg is the eye-p 
(mag = 15 X) With the eye at the exit pupil of the ocular, an observer sees a 
tangular field of constant height, the fixabon dot hes m the center of the field 
lenses are achromabc A Bausch and Lomb combmation chm-rest and head-sup 
is used at E 

For bmocular stimulabon, a bmocular head was substituted for the ocular, 0 H 
right angle prisms divide the beam and two opbcally idenbcal images of the aper 
5 are located m the plane of surfaces of the field-lenses m the matched oculars 
proper mterocular distance is obtamed by adjustmg a graduated drum The si 
diflferences m accommodabon which exist for pracbcally all observers are corrected 
tummg the spiral tube m which one ocular is mounted 

Neutral bnt filters inserted at F regulate the fixed values of h The transmis; 
of these filters for white hght was determmed with a Komg-Martens polanzabon phot 
eter We are imder obhgabon to Dr CP Winsor for his collaborahon m these m- 
urements Four measurements were made m each quadrant, — a total of sixteei 
all Failure to use all quadrants mvanably leaves the transmission coefiScient wil 
constant error and thus defeats the chief purpose of the measurements, which i; 
eliminate constant errors The probable error of the mean of these measurement 
usually less than 0 5 of 1 per cent Frequently, however, it may be much less, phi 
metnc results, even for different obseri'ers, may differ only in the fourth place of 
manbssa when the transmission, or density, is expressed m loganthmic umts 
For wave-length composibon as parameter, Wratten color filters Nos 71 A, 74, 
47 were used The wave-length composibon for each filter was determmed by a phi 
electnc spectrophotometer (Hardy, 1929, 1935) These filters transnut freque 
“bands,” not Imes The spectral distnbubon of each color filter used is showi 
Fig 2 The transmission coefficients for the light enutted by 5 o, however, were m 
ured with a Leeds and Northnip galvanometer (sensibvity = 7 mm /mv at one me 
m senes with a large surface Moll thermopile Even though the lenses, Li, are qua 
some heat rays can be detected at E (Fig 1) at highest mtensities It was there 
necessary to use an addibonal heat filter A disc of colloidal gold (suspended in gli 
inserted m the mstrument at Li served this purpose adequately The effecbvenes 
this arrangement was verified by further measurements made with a rock-salt ciyi 
m front of the thermopile at E The transmission coeffiaents of the neutral bnt wed 
(and filters) were also determmed m this manner 

The diameter of the eye-nng was less than 2 mm and served as an effecbve artifi 
pupil Corrections (over-all) were made for the probable losses m transmission suffe 
through absorpbon m the ocular media (cf Roggenbau and Wetthauer, 1927, Ludv 
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and McCarth>, 1938) The results, all in energy units, were converted into miUilam- 
bcrts by means of a single binocular match (vrhite U^t), using a Macbeth fllumi 
nometcr and standard test plate Although these average corrections axe imperfect 
for any given eye, thty arc in the proper direction and arc consequently better no 
correction at all Finally, all mtenaity values were expressed in terms of retinal illuml 
nabon, as photons (Troland, 1918) 

The shape of the aperture 
was rectangular at 5 and the ibreent 
trace of the light disturbance 
cut by a plane located at n^t 
angles to the opbc axis at 
the retina is mnnnr m form 
The angular htxgfU of this 
Image was constant ( - 20 8“) 

Area was regulated by lat 
ertl movement of the hori 
aontal knife-edges at S The 
angle subtended by the ret 
inal li^t image at the pnn 
dpal pomt of the eye was 
measured with the aid of an 
ocular micrometer Thegrat 
icnle was placed In the plane 
of the areolar stop at the 
fidd lens and the screws con 
trolling the Lateral width of 
the slit at 5 were calibrated 
so as to read directly m terms 
of the visnol an^e. Area 
measurements can of course 
be expressed In square milb- 
meters on the retina.. For 
large areas, however, it is 
usually more convenient to 
employ angular readings and 
all onr measurements are tab- 
ulated in degrees of visaal 
angle. 

The observer was in- 
structed to foens upon the tmy (red) fixabon pomt located in the center of the rcc 
tangular light Image. The posibon of this point was controlled at 5, The stimulus 
was fixated for about 30 seconds before Al was added to I\ 

m 

Monoetder MeoiuremenlZj WJnie Light 
Fo^ 'white light, monocular measurements were secured at six areas of 
different size at each of six levels of mtensity, Ii The results for one 



Fio 2 Showing the wave length sr intensity dis- 
tribation of the color filters used In the present eipcr 
iments The determination of the»e curves was made 
with a photoelectric spectrophotometer (Hardy, 1929 
1935) 
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erver ( A H H ) are shown m Table I At an}'- level of Ii the data are 
Qogeneous -witb respect to area The vertical height of the image was 
stant at a Msual angle of 20 8®, and the A' values m Table I represent 
\*isual angle subtended at the eye b}’^ the lateral separation between 
vertical edges of the shts m image space 7j is the prevaihng mtensity 
vas adjusted m exact steps by sm table adjustments of the wedge Wn 
g 1) m terms of the cahbrations of the decimal filters N/ Exposure 
e (= 30 seconds) and wave-length composition are parameters Each 


TABLE I 

\Tute light homogeneous results for A/ as a function of A' and h, monocular, Ii 
le standard mtensit 5 *, m photons, A', the angular -width of the hght image on the 
na — the angular height of the image (relaxed accommodation) -was constant, = 20 8° 
h a7 enti 3 is an average of five measurements, ctai is the root-mean-square -vanabon 
. smgle obser\'abon. A HJBL, nght ej'e See Fig 3 

Vtsml Angle, A' Degrees 


IS 7i, fkoions 1 

Ot* 

os' 

1 6* 

3 2* 


12^' 

)6 log A7„ j 

'§ 621 

3 687 1 

3 446 

3 366 

3 233 

3 204 

log<riir 

(4 718) 

(4 544)! 

(4 471) 


(4 317) 

(4 321) 

)6 logA/r. 

12 400 

2 264 

2 203 

2 181 

2 032 

3 999 

log 0 - 1 ^^ 

(3 413) 

(3 344) 

(3 306) 

(3 207) 

(3 101)j 

(3 015) 

36 log AJ„ 

i 282 

i 167 

i 078 

i 063 

2 923 

2 778 

log 

(2 293) 



(3 994) 

(3 977) 

(3 790) 

36 logA/ri 

0 118 

i 992 

0 048 

i 999 

i 800 

1 666 

log 



(i 131) 



(2 707) 

36 logA/t, 

1 083 

0 963 1 

0 880 

0 902 

0 788 

0 601 

log 



(i 913) 

1 (i 966) 


(i 675) 

36 logA/n 

2 091 

2 000 

1 947 

1 834 

1 764 

1 639 

log 

1 (1 135)] 

(1 oil) 


(0 914) 


(0 708) 


, entr}' is an average of five measurements Associated -with each A7„ 
he measure of dispersion, the root-mean-square de%nation of a smgle 
;er\’ation For any fixed value of Ii, both Aim and (Xnj are seen to 
y mversely -with the size of the retmal hght image 
rhese A/r- data are plotted m Fig 3 The coordmates are spaced 
anthmicaUy Umts of area (.4, square degrees) are used Each plotted 
nt is an a\erage of fi^e measurements The sohd fines were fitted by 
: method of a\ erages, and are descnbed by 


log a7 = —Z log A -f C, as in (1) 


(3) 















Flo 3 Dependence of Aim on A, homogcneooa data for white light, monocular 
eidtation (Table I) Intensity h « parameter The line* adjusted are for logn 
- — Z logio A — Cf with Z — 0^67, is m arta umta (tquare degrees) The 
nuiTlTTtuin depaitnie Is len than 4X e^ar. 
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where AJ is the added intensity (1 2 — Ii) required for the index response 
In terms of the measure of sensitivity, 1 /AI at each level of 1%, 

log (1/A7) = Z log A — C (4) 

Fittmg by the method of averages, mean Z = 0 267 when loganthms of 
area and of AJ are taken to base 10 If log A is taken to base 2, the mean 
slope Z IS 0 081 This signifies that, for the conditions considered, an 
approximately twofold mcrease m area of the retmal image reduces AZm 
by a factor of 1 205 anthmetic umts The S D of the six values of Z from 
the slopes m Fig 3 is only cti = 0 0022 logio units The (monocular) values 
obtamed with colored hghts (section V) are also of just this order, although 
a httle smaller The ratio for doubhng area on one retma is therefore 
defimtely less than that obtamed for the companson of monocular and 
bmocular thresholds with a small fixed area variously located on the retma 
(Crozier and Holwaj'', 1938-39 5), namely 1 4 

IV 

The Area Funaiion 

The form of equation (4) is the same as that for AJo m equation (2) Its 
denvation may be obtamed without specific assumptions as to the nature 
of the threshold of exatabdity Such assumptions are to be avoided if 
possible, smce the discovery of the mechamsm of threshold effects is one of 
the objectives of mqmry, and preferably one should not be theoretically 
comrmtted m advance 

At any level of Ji a change m the conditions and method of presentation 
can lead to a change m AJ The bnUiance mcrease necessary for the 
recogmtion of AJ can be produced by smtable mcrease of the exatable 
area, as both theory and qualitative tests indicate, and our own ob- 
servations This imphes that, for a given level of Ji, the exata- 
bfiity (1/AJ) measures the same kmd of a property of the capaaty 
for reactmg performance based on recognition of mtensive difference as is 
also measurable by area A These two measures of the capaaty for exata- 
tion \ ar}' together and directly, although not rectilmearly The multiph- 
cation of the units of one of these measures by the appropnate factor 
d(l/AJ)/JZ givmg the rate of change of 1/AJ per unit change of A gives the 
dimensionally correct expression 

1/A7 =■ A ^ d{\lAT)/dA (5) 

Rearrangmg, 

d{l/£j)/{l/£j) = Z dA/A, 
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or 


log A7 — — Z log X + C 

as already found m empmcal equation (1, 4) If over a particular 
range tlie factor k, (or 1/2), is really constant, and independent of h and 
of 2, we can expect tliis equation to hold independently of A, exposure 
time, and the monocular or bmocular mode of presentation, Z should be 
shghtly less for colored hght than for white, for reasons considered subse- 
quently (section Vn) The dimensional constant C has the meamng of 
a A7 times an A 

An equation of the general form of (1) and (S) was denved by Wald 
(1937-38) for visual thresholds and area, using the concepbons that (1) 
there is required a constant number of eiated elements at the threshold, 
and (2) that the exatabihty is stabsbcally distributed m a homogeneous 
rebnal area, m a manner given by a probabihty summabon In the symbols 
of our equabon (1) and (5), Wald’s formula is — logA/o = ilog (A — ni) -t- 
C, where n, is the threshold number of exated elements (» e , the “active 
area”) There are certam difficulbes with this expression, and its denva 
bon Obviously, when A = «, we have 

log 1/AJo — — «) or A/* ■■ *0 

this contradicts the assumpbon that A/o is the mtensity required to exate 
Hi elements This is the assumpbon used m denvmg the equabon, A being 
really a measure of the probabihty of finding «i elements under the condi 
bons of presentabon, and essenbally m terms of number (frequency of 
encounter) of elements The argument caimot hold for the apphcabon of 
the equabon to the case of AT -= /i — Ii, the differential threshold, for 
similar reasons If equabon (4) is solved for the mtegrabon constant C 
It 15 apparent that 

c - log c- - to* (ai) M*) 


and 


(vt*) 

or 

-Id A 

The integrabon constant has therefore the dimensions of intensity times the 
area raised to a power If we wish to define Aj ■= Ht as the unit area (m 
terms of n) capable of being exated m terms of Aft or of A7, then we can 
write 


C/U -C - id. 
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where M is given by 

if 

and A7i is the threshold intensity increment for the response with the 
elementary “area ” Consequently, on the assumption that Z is a constant, 
the use of the “constant quantity” or “constant number exated” idea 
really reqmres that the correction for the elementary, active area (and the 
threshold for this area) be earned m the termmal constant C of equation 
(4) , it should not be corrected for, as m Wald’s treatment, by subtractmg 
Ax (or its eqmvalent from A, but takes the form of a multipher The 
theoretical reason for domg this is of course that if (m terms of the fixed 
quantity concept) A determines the probabihty of findmg this prob- 
ability IS also measured by AI, the dimensional constant C m equation (4) 
must mdude both A aiid AI The descnptive power is not improved by 
subtractmg a constant from A What the equation says is that the thresh- 
old excitabihty per unit area (1/A/ Z) is proportional (inversely) to a 
fractional power of the area 

When C is evaluated by takmg Z = 10 umts (or any other constant 
value), 


C = log Cl « log Af with A fixed, 


C should follow the same law as log A/ when Ix is vaned, exammation of the 
data (Fig 3, etc ) shows that this is the case, C vs log Ix, with A fixed, gives 
curves reflectmg exactly the behavior of log AI, mcludmg the fact that 
{cf section DC) bmocular C is lower than the monocular 
The condition for constancy of Z is, from (5), that 


dd/A^ 

dA 


•= Z/A AJ 


( 6 ) 


The product Z A/ is directly proportional to the increase of energy (flux 
per unit time and per umt area, multipbed by area) reqiured to produce 
recognition of mcrease of bnlhance, this cannot be constant if equation 
(6) IS empincally vahd, as it is shown to be as a very fair approximation 
It follows from (6) that if Z is constant when A is mcreased, the added 
energy reqmred for recogmtion of increase of brilliance is inversely pro- 
portional to the (average) mcrease of exatability per unit increase of area 
This entirely reasonable proposition can obtam only if the retinal field 
concerned, and its central representation, is of approximately uniform 
exatabihty over its whole extent, at the level of discnmmatory response 
This condition may well obtam for suffiaently large retmal fields sym- 
metncally centered at the fovea, for an mcreased area, A/o and AI are then 
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less than for a smaller area, but the appearance of the smaller area mcluded 
m the larger is nevertheless of the same bnghtness as for the rest of the 
field at the differential threshold for the larger area, the smaller area, of 
lower mtrinsic exatabihty, when tested by itself, is not seen as such any 
more than the bhnd spot is The larger area as a whole behaves as if of 
uniform exatabihty, a fact easily understood on the basis that the measur- 
able properties of mtensive expenence are determined centrally rather than 
penpherally at the retma From this standpomt only the analytical use 
of “average exatabihty*’ has a real physical basis 

TABLE n 

Area increased by enlargement toward the fovea, the outer mar gin of the 20 8® high 
test patch being k^t at 12 8 from the center of the fovea. AJLH., right eye, white 
light 20 minutes dark adaptation, 30 seconds hght adaptation, Aim is the mean of five 
observations, is the dispersion of these Ii is the initial intensity, other conditions 
as described m the text, A' is the angular breadth of the test patch Plotted In Figs, 
4 and 5 


A't depets 


kf/i 

04 

OJ 

1,4* 


6A 

lU 

i 680 logAJ, 

2 884 

3 630 

S 619 

3 341 

3 337 

3 071 

•'14, 

(3 Ml) 

(3 665) 

(3 416) 

(3 305) 

(3 015) 

(3 122 ) 

0 680 log 

i 619 

i *81 

1 340 

i 074 

8 934 

8 687 

l^fl4, 

(2 703) 

(2 509) 

(2 532) 

(2 m) 

(2 930) 

(2 004) 

1 6S0 log A/. 

0 $u 

^ 638 

^ 169 

b 163 

1 931 

i 630 

10S»14, 

(i 628) 

(i 480) 

(1 062) 

(i 205) 

(i 005) 

(I 070) 

2 680 log A/. 

1 683 

1 699 

X 374 

1 013 

0 930 

0 B25 

lo* 014 , 

(0 605) 

(0 591) 

(0 288) 

(1 994) 

(0 107) 

(1 738) 


Under these conditions Z is found to be nearly mdependent of i4, /i, and 
wave length, and also of exposure time {cf Crouer and Holway, m 
preparation) So also m certain other types of intensive discrimination, 
such as that (Crosier, 1935-36) concerned m measurements of visual acuity 
(Freeman, 1932, 1936), the same formulation is apphcable An arrange 
ment is easily obtamed, however, m which Z is constant but has a numerical 
value different from those already seen It is not mdependent of the shape 
of the test patch. The rectangular image as already used (Table I) is m 
the present test eicentncally located, and the edge farthest from the fovea 
IS kept at a fixed position while, for enlargement of the area, the inner edge 
is moved closer to the fovea With this arrangement an mcrease of the area 
necessarily mvolves a progressively greater change in the rate of addition 
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Fig 4 Data in Table II, see text 
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of cxataMe elements It is necessary to remember that when area is 
increased in this maimer the edge advancmg toward the fovea m successive 
tests mcludes at each step regions of the retina for uhich the absolute 
exatatory thresholds (AIi) per unit area are successively higher, but each 
of the doubhng steps embraces a larger mcrement of area, the additional 



Fio 5 Data of Fig 3 (lower plot) and of Fig 4 (upper pbt, with figures from two 
other sets, not tabulated, given as crosses) brought together at the midpoint for com 
panson of slopes The slope (Z in equation (2)) Is independent of and thus of 
/i, but is dependent on the manner In which retina l area is Increased see text- 

fact that the differential exatatory threshold (AI, for fimte Ii) per unit area 
declines with approach to the fovea shows that appeal must be made to 
the changmg ratio of numbers of receptor end organs to optic nerve fibers 
if these two exatabUity phenomena are to be eiplamed It must be 
expected, m terms of the mtroductory discussion (section I), that m such 
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an experiment the value of Z, if constant, must be higher than for tests of 
the type considered m Table I For one of the same observers, data are 
given m Table 11 It is apparent (Fig 4) that equation (5) gives a very 
fair descnption of these data, and that the value of Z is mdeed much 
greater, being 0 591 as compared with 0 267 m Fig 3 Each doubhng of 
the area on the average reduces A7 by a factor of 1 52 (m the same anthme- 
tic units), rather than by 1 21 as m Table I Fig 5 shows that the scatter 
of the detenrunations, with aU the sets of pomts brought for companson 
to the same log AT ordmate at the midpomt, is not too great, it is a httle 
greater, understandably, m the experiment of Table II, smce there fixation 
was outside the test patch (The senes of Table I show (Fig 5) a certam 
consistency of bowing upward, which is not apparent m those for Table II 
and IS probably not significant ) 

In the discussion of these data it has thus far been accepted that mcrease 
of area is the significant factor m determimng change m 1/A7 (with h 
fixed = 0 or some finite value) We have to test this notion The extent 
to which It IS legitimate wfil necessarily be restricted by the geometncal 
pattern of neural organization m the retma This is in the mam on a plan 
with radial symmetry about the fovea (0sterberg, 1935, etc) When a 
test patch is used of such form that mcrease of its area mvolves radially 
symmetrical enlargement, as with a circle or square of fixed center, it cannot 
be told for small ranges of area whether area or a Imear visual angle is the 
govermng feature {cf Abne}'’ and Watson, 1916) The exponent Z wfil of 
course differ m these two relations, bj'- a factor of 2, smce log A wfil be equal 
to 2 log D + const (where Z? is a Imear dimension) This was one reason 
for our selection of rectangular test fields With constant vertical height 
of field, Z is of course the same whether log visual angle of breadth or log 
area is used But by employmg two or more sets of rectangular test fields 
of constant but different heights (section VI) we can discover whether area 
or angular breadth gives the proper umts for analysis 

V 

Power fimctions, such as represented by equation (5), are rather fre- 
quently found to be servnceable for the formulation of properties of natural 
phenomena And not infrequently the exponent m such a formulation is 
fractional, not integral, as with our Z 

In dimensional anatysis it is recognized that for measurements m which 
secondar}" or denved units are used the fundamental units necessarily enter 
as products of mtegral powers of the primary vanables It has also been 
recognized (b}' some at least) that the occurrence of fractional powers is 
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eminently puzzling If, however, we are dealing with the relation between 
two mdirect, derived (“secondary”) measures of the same fundamental 
attribute, the occurrence of a power function for the relationship between 
them may well be expected, and there is every reason to find that the 
exponent is frequently not an mteger In denvmg equation (5) we have 
taken the view that the capacity for exatation Is a function of the area A 
Presumably this is m some fashion to be expressed m terms of number of 
potentially exatable central elements and their mterconnechons A is 
then to be taken as a function of products of powers of these elementary 
dimensions Bndgman, 1922) The deduction of the nature of these 
elementary dimensions (factors) is of course the essential problem Smee 
It must be approached mdirectly, we are forced to use other, additional 
modes of measunng the capaaty for exatation We might use exposure 
time, but AT is experimentally more flexible The same fundamental 
exatabflity factors are involved As different measures of the exatabflity, 
we have A and A/, for simphaty m illustration we may assume that each 
IS a function of merely the number of potentially exatable elements, raised 
to a piower The exponents need not be the same In this case the expen 
mentally found relation of A/ to A would be given by a power function, and 
the exponent could have almost any fimte value, particularly when it is 
recognized that the “number of elements” is (m view of the fact of central 
summation — Crozier and Holway, 1938-39) measured by a complex 
quantity 

When one speaks of a property or capaaty of biological performance as 
bemg measured m “secondary umts” which follow a law determined by 
the operation of “fundamental” or primary umts, a certam vagueness is 
necessarily mtroduced by one’s mabUity to write down the list of primary 
umts necessarily mvolved This has probably been responsible for the 
view (Bndgman, 1922, p S3) that dimensional analysis may not be apph 
cable to the results of most lands of biological measurements, smee m 
many cases these cannot be described in complete equations without the 
use of as many dimensionai constants as there occur physical variables 
This state of affairs arises from the fact that the mechanism whereby a 
given physical variable influences the biological manifestation considered is 
not only unknown, but is mdeed itself the objective of mquuy When two 
kmds of secondary measures of the same performance property are to be 
correlated, however, this restnction need not enter 

This wili depend on the wisdom and understandmg exercised m the 
choice of variables, but m a given instance can be subjected to direct expen 
mental control and test of the result Such a test is given m the present 
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case by the determination of several properties of our dimensionless ej 
ponent Z, — its demonstrated mvanance xmder certam sets of conditions 
and its mode of alteration tmder other circumstances There is no vahi 
reason for the occurrence of properties found if Z is the outcome of statistica 
acadent The elemental}'- logic of this situation is of precisely the sam 
kmd as that mvolved m the proof which has been given of the number o 
exatation elements theor}^ in responses to visual flicker, and of the m 
vanance of certam properties of this quantit}'- {cf Crozier, Wolf, an( 
Zerrahn-Wolf, 1937-38 a, h, c, 1938-39, Crozier, 1939 ) 


Unquesbonably considerations of the same type apply to a number of really analogou 
situations m physics Their generahty from a dynamical standpomt merits bne 
discussion For phenomena of sensory discrimination other than visual, homogeneoui 
data on somaesthetic pressure (Holway and Crozier, 1937i) show that AP, for P constant 
IS proportional to ^ A specific biological example among phenomena of a different 
order is not out of place Consider the problem of measuring the reproductive per- 
formance of nuce Unquestionabb'- the amount of mouse substance produced at a 
birth IS influenced b}' many factors Some of these can be ruled out by deahng witl 
first fitters borne by mothers of a genetically uniform stram at the same age Tht 
productivity m these fitters can be measured m two ways (1) the number A of young 
m a fitter, (2) the total mass TF of the litter The problem which gives the analogy 
with the subject of the present paper is that of determmmg the relation between IF 
and iV Precisely the same reasomng as already used asserts that we should find 


TF 


M 


dIF 

dA’ 


(7) 


and that A should be mdependent of IT'^, iV, size, and speed of growth This says that 
TI'' = where Tiq =» the weight of a fitter of 1 It is found empincally that log IF 

IS a rectifinear function of log lY, with a fractional exponent, and that k is the same 
for vanous Lmds of mice and for vanous other kmds of mammals (Crozier and Enz- 
mann, 1935-36), and k is thus quite mdependent of the growth rate, size or weight of 
fitter, V eight of a fitter of 1, or speaes The fact that IT'' and N are different quan- 
titative measures of the productive performance, on different kmds of scales, does not 
interfere with the prediction of the form of their mterrelationship Precisely'- similar 
reasomng, m\olvmg the use of fonual equation (7), has been used to predict success- 
fulh the relationship between variations of performance of visual reactions, when ex- 
atabifity' is measured along each of two coordmate axes (Crozier, 1935, Crozier, Wolf, 
and Zerrahn-Wolf, 1936-37a, h, Crozier and Holway, 1938), so that the illustration 
does not by any means stand alone 

For nonfivmg physical sy-stems two instances may be conveniently ated for com- 
parison (1) The maximum (saturation) current (») m a themuomc tube is deter- 
mmed b^ the space charge due to the electrons between the electrodes The charge 
can be measured mdirectl\ by the current, but it is due to, and also measurable by, 
the saturatmg applied \oltage V Consequently we should find the relationship be- 
tween pairs of \alues of i, V, to be of the form 

log t = r log F -1- C 
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Langmuir^B law shows it to be 

jEFi/' 

CLangmuir, 1913) (2) The internal energy of a black body radiator may be mcaaorcd 

by observing its temperature (Kelvin) this gives the mean energy of the molecules 
in the radiator This energy also determines the energy density m the radiator and 
thus the energy density of the emitted radiation with which it Is in equiUbnum Hence 
if r be the temperature and R the external radiation density, we must expect to find 
R and T interrelated In the form 


logij- ik>gr + c 

It is well known that Stefan’s law shows R — oT^ 

A further biological instance la not without pomt. The “hunger dnve” of a rat is 
objectivdy expressed in the frequency with whidi (under certam controlled conditions) 
it devours pellets of food, this drive decreases with the number iV of equivalent pellets 
it consumes in senes, and is therefore a function of l/N, it is also a dedining function of 
the time elapsed during consumption of the iV partides (Skinner, 1931 a b) Conse 
quently we can wnte the form of the expected relabon between N and /, imee l/iV 
and l/i at a given pomt in an eating senes each measures In a difierent way and on a 
dificitnt scale the magnitude of the “eating potential.” Without assumptitms of any 
kmd as to the nature of the dnve mechanism, but on purely dimensional grounds, as 
m the coses already discussed, we can say that 

k R ^ t dN/dt if A b a constant, 

or - a 

Thb is the relationship found (Skmner 1931) It says that the dimensional constant C 
IS equal to after the initial unit of elapsed time. It clearly would be Incorrect to say 
that since, In the experimental arrangement used one and only one {N » 1) piece can be 
eaten at a time, we should subtract 1 from in the equation, yet this is the homologue 
of the proposed subtraction of n» In Wold’s (1937*^) formula. 

VI 

In equations (1, 4, and 5) the value of the exponent Z is independent of the 
units of area and of intensity, but (as we have seen, section IV) it is not 
independent of the manner m which area of retmal image is increased 
This means that it cannot be mdependent of the form of the image (or of 
its regional location) Thus for observer A H H. there are available 
tests with circular areas (nght eye) foveally fixated at the center (Holway 
and Hurvich, 1938) These data give Z ™ 0 402, for logi&/l, to be com 
pared with 0 267 for rectangular areas (section IV) with the same amount 
of scatter m AT* as m the upper plot of Fig 5 

When, however, we employ a very narrow band of hght, with one end 
on the fovea, approxiraatmg a radius of the centrally fixated arcular field, 
the relation of A7o to A becomes more complex (Table m and Fig 6) 
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Roughly speaking, within the fovea (radius ca 1°), Z has a high value ap- 
proximating 1 {cf also Abney, 1897) For wider areas the slope (Z) 
abruptly dechnes to about half For the three observers we note m Fig 6 

TABLE in 

Visual intensity thresholds (a7 o, photons) as a function of area increasing in steps of 
X 2, -white hght, exposure time 0 04 second angular height of test patch 2°, each entry 
is the mean of five measurements, cm is the root-mean-square deviation of one observa- 
tion, one edge of the test patch was centrally fixated at the center of the fovea, mcreasmg 
areas bemg spread out horizontally on the temporal aspect of the retma Data on three 
observers (left eye, A C S H , W J C , nght eye, A.H JI ) See Fig 6 


Width, 

Obj A, H H, 

A C 

S H. 

W J c 

detrees 

log Alo 

log tr^ 

log Alj 

log 0 -^ 

log A/(| 

logo-Aj 

0 2 

3 767 

4 537 

2 214 

3 126 

3 968 

4 891 


3 833 

4 797 

2 183 

3 135 

3 892 

4 528 


3 781 

4 537 

2 201 

3 147 

3 916 

4 579 


3 834 

4 541 

2 199 

3 119 

3 934 

4 941 

0 4 

3 461 

4 699 

3 873 

4 704 

3 686 

4 382 


3 684 

4 817 

3 814 

4 463 

3 664 

4 151 


3 699 

4 660 

3 927 

4 740 

3 686 

4 461 


3 690 

4 292 

3 876 

4 798 

3 666 

4 374 

0 8 

3 238 

4 662 

3 683 

4 363 

3 367 

4 232 


3 410 

4 603 

3 608 

4 335 

3 362 

4 363 


3 389 

4 370 

3 617 

4 241 

3 362 

4 787 


3 230 

4 351 

3 668 

4 389 

3 373 

4 113 

1 6 

4 929 

5 849 

3 463 

4 577 

3 161 

4 063 


3 063 

4 096 

3 352 

4 247 

3 168 

4 136 


3 100 

4 170 

3 419 

4 232 

3 137 

5 987 


3 033 

4 065 

3 398 

4 595 

3 162 

5 916 

3 2 

4 764 

5 730 

3 260 

4 0587 

4 981 

4 084 


4 706 

5 875 

3 193 

5 803 

3 017 

4 173 


4 717 

5 693 

3 204 

4 222 

3 066 

4 121 


4 772 

5 668 

3 182 

5 946 

4 966 

5 707 

6 4 

4 602 

5 583 

3 004 

4 010 

4 830 

5 804 


4 623 

5 617 

3 089 

5 937 

4 861 

5 846 


4 609 

5 554 

3 102 

4 069 

4 803 

5 753 


4 661 

5 661 

3 018 

5 976 

4 828 

5 835 

9 6 

4 483 

5 380 

4 908 

5 531 

4 774 

5 820 


4 528 

5 486 

4 969 

5 961 

i 680 

5 4137 


4 668 

5 423 

4 940 

5 740 

4 743 

5 626 


4 698 

5 471 

4 942 

5 830 

4 666 

5 586 


certam mdi-vidual differences, which may be directly correlated with already 
known pecuhanties of their mdmdual local exatability thresholds m the 
same horizontal retmal mendian (Crozier and Holway, 1938-39 b) In the 
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first place the general order of the exatabihtles (A .H.H > W J C > 
A C S H ) IS the same More interesting is the fact that the A/o distance 



Ia 0 0 as 10 15 

log JO A, egunro degreeo 


Fig 6 Dependence of Aim upon A when the image la a narrow bar of increasing 
iength, see text data in Table HL 

between eiatablhties at the fovea and in the extra foveal region is much 
the greatest for A .TT.H , least for A C , and mtermediate for W J C 
{cf Cromer and Holway, 1938-39 b, Fig 4 on p 356) In correlation with 


ft 
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this we find (Fig 6) that the lower slope for A H H is least, and that for 
A H H the higher (foveal) slope is continued to a much more extensive 
area, the order of appearance of the “break” bemg ACSH <WJC < 
A H H This clearly signifies that the intrmsic exatabihty of each mcluded 
region contributes to the determmation of AIo, but that it is the magnitude 

TABLE TV 

Visual intensity thresholds Alo, (photons) as a function of area increasing in steps of 
X 2 , white hght, exposure tune 0 04 second, angular height of test patch 2° at the retina, 
each entry is the mean of five measurements, caj is the root-mean-square of one observa- 
tion, one edge of the test patch was centrally fixated at the center of the fovea, mcreasmg 
areas A\, Az, As, Ai were spread out horizontally on the temporal aspect of the retina, 
see text Data on three observers (left eye, W J C , A C S BL, nght eye, A H H) 


Obs W J C 


A C 

S H. 


AH H 









log A/j 

log 

log A7j 

los 

= 1 2* 

(As -Al) -=12° 

^1 = 12° 

(As -At)^l 2° 


= I 2* 

(As - Xi) » 1 2* 

3 344 

14 543 

3 296 

4 252 

3 486 

|_4 495 

3 393 

4 415 


1 4 183 

4 899 

IS 924 

3 288 

4 525 

3 308 

4 463 

3 492 

4 503 

3 361 

4 451 

3 096 


4 876 

5 884 

3 243 

4 428 

ij 220 

4 689 

3 470 

4 688 

3 396 

4 300 

Miyg! 


4 956 

5 987 

3 243 

4 613 

3 233 

4 SOI 

3 469 

4 752 

3 348 

4 702 

3 112 

4 193 

4 899 

4 127 

" 2 4” 

(At -As) ~ 2 4* 

Xs “ 2 4* 

(A, -As) ”2 4* 

As -2 4’ 

(As - Xj) - 2 4' 

3 179 

4 344 

3 173 

4 402 

3 260 

IJ 397 

3 090 

[_4 091 

4 803 

14 143 

4 807 

14 001 

3 117 

4 266 

3 186 

4 199 

3 262 

4 353 

3 146 

4 256 

4 870 

4 121 

4 723 

5 983 

3 193 

4 378 

3 162 

4 616 

3 260 

4 411 

3 041 

4 099 

4 856 

4 067 

4 732 

5 939 

3 146 

4 318 

3 168 

4 031 

3 239 

4 295 

3 013 

4 262 

4 831 

5 931 

4 743 

5 778 

• 

CO 

1 

m 

(A4 - As) - 4X* 

-4j - 4 8° 

(A4 - As) - 4X'’ 

As - 4£° 

(Xi - A) " 4 8* 

3 029 

5 980 

4 918 

i_4 001 

4 962 

5 986 

4 968 

4 044 



4 611 

5 624 

3 061 

4 332 

4 976 

4 503 

4 949 

5 999 

4 896 

4 006 

4 664 


4 622 

5 714 

3 021 

4 996 

4 921 

4 286 

^ 982 

5 991 

4 947 

4 102 

4 662 

5 579 

•4 638 

5 865 

3 041 

4 253 

4 884 

5 689 

4 903 

4 057 

4 902 

4 082 

4 702 


4 666 

5 935 

Aj » 9 6* 



^1-9 6* 



<44 •=■ 9 6* 



4 844 

4 232 



4 832 

5 907 



4 619 

5 844 



4 827 

5 696 



4 817 

5 757 



4 672 

5 724 



4 831 




4 846 

4 087 



4 692 

5 776 



4 839 

5 860 



4 821 

4 124 



IligI 





of d(l/AIo)/dA, te the rate of addition of exatabihty units as A is in- 
creased, which IS a govemmg factor 

The relationship is not sunply one of addition, however It is not our 
present purpose to discuss the phenomena and theory'- of “retinal summa- 
tion,” but we are required to demonstrate that there is a sense in which a 
gi\ en stimulated retinal area behaves as a unit, and m w'hich its contnbu- 
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tion to the observed excitabihty is determined by the concurrent exatabon 
of spatially conbguoua regions An experiment givmg such a demonstra- 
bon IS summarized m Table TV As m the experiment of Table HI, one 
2° edge of the test patch was centered at the fovea, AT o was first dctermmed 
for a bar 1 2° wide (di), then for one 2 4° wide (dj), then for the outer 
half of At, f e for Ai — Ai, and so on, as indicated m Table IV It is 
apparent that un- 
der these condi 
bons for all three 
observers the 
threshold for a 
given rectangular 
area is las than for 
either the near 
foveal half or the 
outer half of the 
area alone, al- 
though for a given 
area the threshold 
15 higher for the 
near foveal half 
than for the outer 
half The plot of 
log AT, vs log A 
for these data 
shows that Z agrees 
very well with the 
values for each ob- 
server (Fig 6) got- 
ten with the re ctan 
gular patch 12 8“ 
high (Table ni) Hence we have direct support for the view that it is 
rebnal area rather tfinn visual angle which is the proper independent 
variable It is also apparent m the data of Table IV that the slopes for 
log AT, vs A are pracbcally the same for di. A,, di. A,, as for A, di, 
d, - A,, etc, hence these strips behave as if essentially “homogeneous” so 
far as the resultant relabve rate of increase of exdtabon is concerned 
We desue to avoid any specific discussion of the relabonship between 
the two slopes appealing in Fig 6 and the properbes tradibonally assumed 
for cones and rods respectively These slopes are of the order of 0 93 and 



Fig 6 bis Data from Wild (1937-38, his Table II, p 272) 
threshold bl, (mDlflamberti, no ortifidal pupD ca 1 second 
exposure) as a funcbon of circular area (d, arbitrary units pro- 
portional to square centimeters) for two regions respectively 
centered 13° above the fovea (open circlets) and 23 above 
(solid ordeta) Within the error of such measurements the 
slopes Z - 0 92 end 0J3 as drawn, agree quantitatively with 
those in our Fig 6 — see particularly the plot for ATI H. it is 
to be noted also that the break in the curve comes in precisely 
the same xone of absolute area of retinal image. 
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0 52 (For the data in Fig 3, Table I, the value of Z is 0 267, but it is to be 
kept m mind that Z must m all likelihood be a decreasmg function of 
exposure time — ca 30 seconds m the latter case, and 0 40 second in the 
former ) For small regions 15° and 25° from the fovea, Wald’s primary- 
data (1937-38) sho-?v (Fig 6 Ins) exactly the same sort of break as we have 
demonstrated m Fig 6 Pi6ron (1929) ates foveal measurements which 
''break” at about the same area (logio ^ = 0 7 ±) It is impossible to 
hold that the high slope is due to the functionmg of retmal cones, smce 
at 15° away from the fovea the proportion of cones to rods is about 1 25, 
while at 25° away, with a smaller number of rods per umt area, the pro- 
portion IS only shghtly less, the assumption that rod thresholds are m- 
trmsicaUy much lower than cone thresholds cannot be used to explam 
the facts^ sho-wn m Figs 6 and 6 bts Obnously, if the low-slope seg- 
ment, at the larger areas, is due to the threshold activation of rods, 
there is no reason for supposmg that with the smallest areas the decreasmg 
number of high-threshold cones would alone become effective 

vn 

Monocular Ohservaltons, Colored Ltght 

Monocular determmations of Aim were made for red, green, and blue 
hghts The method of observation was the same as with white hght The 
filters and the cahbration of intensities are discussed m section IT The 
data are summarized in Table V 

In Fig 7 these measurements are plotted m terms of equation (5) The 
fitted hnes give mean Z = 0 239 , when A is taken loganthimcally to base 2, 
Z = 0 080 A twofold mcrease of area occasions a reduction of A/„ by a 
factor of 1 202 The mean values of Z ( = 0 239) are less than that obtained 
■with white light (Z = 0 267) The reahty of the lower slope is supported 
by the similar difference obtamed m the senes of bmocular measurements 
(section Viii) The differences between the slopes for the three kmds of 
colored hghts are not certainly significant (Fig 8), but are reasonably con- 
sistent -mth certam expectations In Fig 8 the data for each color are 
brought together for companson m each set the A/m’s are multiplied by a 
constant, as m Fig 5 for white hght 

The discussion m section VT makes ft clear, we believe, that if the absolute 
number of elements open to exatation is less, as result of a given method of 
presentation, then the slope of the log A7 vs log A plot must be expected 
to be less Specifically, smce m energy terms the thresholds for “mono- 
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chromatic” hght are higher than for white, fewer elements of effect arc open 
to arousal, consequently, with a given area a given percentage mcrease of 


TABLE V 

Colored light* homogeneous results for Al and A, A.H.H. nght eye. Intensity 
and exposure tune (OW second) were parameters, Ii is the standard mtensltj, m 
photons A , in degrees, is the angular width of the light imago on the rctma, the height 
of the image was constant — 20 8® Each Al entry is an average of five measurements 
CM Qog, in parentheses) is the root mean square variation of a single observation. See 
Figs, 7 and 8 


Wit. 

A-Oi 

OJ 

lA 

as* 


lU 

i 334 

1 093 

3 961 

X - 465 

3 901 

3 802 


3 628 


(3 032) 

(? 943) 

(4 916) 

(? 827) 


617) 

0 334 

2 987 

2 793 

2 841 

2 650 


2 601 


(5 914) 

(3 816) 

(3 873) 

(3 779) 

(3 593) 

{3 615) 

1 334 

1 923 

I 688 

1 8U 

1 680 

1 627 

I 425 


(1 000) 

(2 653) 

(2 8W) 

(2 697) 

(2 656) 

(2 601) 

2 334 

0 802 

0 703 

0 653 

0 528 

0 S21 

0 477 


(I 914) 

(i 896) 

(i 633) 

(i 577) 

(i 606) 

(i 500) 

3 334 

1 610 

1 469 

1 583 

1 399 

1 370 

1 294 


(0 573) 

(0 458) 

(0 600) 

(0 404) 

(0 380) 

(0 305) 

1 2 

1 614 

2 563 

X-S2S 

J 472 

2 419 

2 343 

2 310 


(3 714) 

(3 606) 

(3 513) 

(3 558) 

(3 316) 

(3 354) 

0 2 

i SOI 

I 492 

1 387 

1 369 

! 216 

I 216 


(2 497) 

(2 515) 

(2 463) 

(2 494) 

(2 365) 

(2 227) 

] 2 

0 248 

0 216 

0 076 

0 032 

0 032 

I 897 


(I 290) 

(1 307) 

(1 001) 

(i 006) 

(2 979) 

(2 914) 

2 2 

1 230 

1 160 

1 056 

1 032 

0 977 

0 915 


(0 293) 

0 102 

0 125 

i 993 

0 013 

i 976 

i 49 

I 397 

i 285 

X - 6S0 

I 246 

1 125 

i 079 

2 958 


(2 388) 

(2 209) 

(2 271) 

(2 135) 

(2 092) 

(3 896) 

0 49 

0 250 

0 224 

0 128 

0 053 

1 996 

1 892 


(I 138) 

(i 243) 

(i 207) 

(1 119) 

(2 943) 

(2 939) 

1 49 

0 848 

0 716 

0 699 

0 654 

0 602 

0 544 


(I 794) 

{1 806) 

(1 703) 

(1 619) 

(1 654) 

(I 582) 

2 49 

1 799 

1 763 

1 634 

1 544 

1 477 

1 372 


(0 800) 

(0 772) 

(0 705) 

(0 593) 

(0 484) 

(0 405) 


area, by the same method, should produce a smaller relati-\ e decrease of AT 
(for a given h) This is what the data of Table V show 
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Bttwcular Measurements 

The form of the functron relating A/, to area for bmocular eiatation was 
determined by means of homogeneous data secured under conditions 
essentially identical with those used m the monocular procedure The same 
apparatus, filters, wedges, and observers were used Matched oculars, 
instead of a smgle ocular, were placed m the discrfmlnometer head 



Fro 8 The plots of Fig 7 brought together for comparison of slopes (Z) for each of 
the three colors used see text- 


(section n) Measurements were taken only dunng times when the 
observer experienced a perfectly fused, unitary visual impression 
A certam amount of confusion still prevails with respect to the compan 
son of monocular and bmocular thresholds The pupillary reaction to the 
effects of photic excitation is consensual For the commonplace situation, 
the size of the pupil in either eye is smaller when both eyes are stimulated 
by a given intensity than when one eye alone is stimulated, as is well known 
(^ Rea, 1938} This fact clearly requires the use of effective artificial 
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pupils in experiments designed to test the absolute magmtudes of AI for 
bmocular as contrasted with monocular discnnunation In addition, the 
importance of placmg equivalent light images at correspondmg points on the 
two retmae necessitates providing conditions which ehmmate differences 
of form, size, and mtensity distnbution m the images used for both eyes as 
well as for one eye This is done by assurmg absence of changes m effective 

TABLE VI 

White light — homogeneous results for binocular Al and A h is standard intensity, 
m photons A', m degrees, is the angular width of the bght image on the retina, the 
height of the image was constant, = 20 8° Each Al entry is an average of five meas- 
urements, CAT IS the root-mean-square vanation of a single measurement Observer 
AHH See Figs 9 and 10 

Colored lights — ^homogeneous results for binocular Al and A' Intensity and ex- 
posure-time were parameters 7i IS the standard intensity, m photons m degrees, 
IS the angular width of the bght image on the retina, the height of the image was con- 
stant = 20 8° Each Al entry is an average of five measurements, (Tm is the root-mean- 
square vanation of a smgle observation See Figs 9 and 10 


log 7, photons 

X'-0 4° 

0 8° 

1 6° 

3 2° 

6 4° 

12 8“J 

0 0 

i 217 

1 150 

i 021 

2 984 

2 861 

5 777 


(2 039) 

(2 215) 

(2 296) 

(2 051) 

(5 120) 

(3 753) 

1 0 

0 153 

0 080 

i 964 

i 885 

i 846 

i 730 


(i 217) 

(1 193) 

(i 045) 

(i 126) 

(2 803) 

(2 821) 

2 0 

1 041 

0 997 

0 906 

0 785 

0 703 

0 644 


(0 050) 

(0 107) 

(0 089) 

(i 892) 

(i 757) 

(i 684) 

3 0 

2 050 

1 903 

1 941 

1 867 

1 680 

1 652 


(1 132) 

(1 082) 

(1 112) 

(1 002) 

(0 679) 

(0 829) 

1 334 

i 783 

i 692 

i 625 

i 551 

i 443 

i 300 

X = 465 

(2 816) 

(2 753) 

(2 656) 

(2 701) 

(2 409) 

(2 416) 

2 200 

1 283 

1 210 

1 129 

1 079 

1 044 

0 930 

X ■= 525 

(0 288) 

(0 312) 

(0 065) 

(0 207) 

(i 993) 

(i 942) 

1 490 

0 813 

0 726 

0 683 

0 650 

0 555 

0 512 

X •= 680 

(i 927) 

(i 735) 

(i 702) 

(i 795) 

(i 701) 

(i 553) 


pupil aperture and by mamtaimng completely relaxed accommodation 
(Crozier and Holway, 1938-39 a, b) The former is given by the ocular 
eye nng in our apparatus (constant and less than 1 8 mm diameter in the 
plane of the pupil of the obsen’-er’s eye), the latter by the presence of a 
suitable small fixation point sharply defined at the retina only under com- 
pletel}' relaxed accommodation (Crozier and Holway, 1938-39 c) It 
appears to us that only under conditions such as these can a real answer be 
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obtained to the question as to whether a -v 
monocular and bmocular thresholds for const 
When these conditions are effectively m 
thresholds are found to be lower than for eit 
and Holway, 1938-39 b) There seems to t 
this result through techmcal error of obsei 



Fig 10 Data of Fig 9 brought together for com 
(above) and colored (below) 

such conditions can easily accoimt for data m v 
(absolute or differential) appear either as the i 
or as approximately equal to those for the mo 
Data for white light are given in Table VI 
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are decreasing funcbons of A for h as parameter, and increasmg functions of 
7i when A is constant Equation (5) is adequate tor these data (Fig 9) as 
well as for the monocular observations (Figs 4 and 5) The mean slope 
constant Z 0 268 (Fig 10), and is not significantly higher than the 
0 267 for the monocular white data 

Table VI also contains correspondmg data for three colored hghts (Figs 
9 and 10) The mean value of Z (0 243) is a little greater than that for 
monocular presentation (sections III and VII), but the difference is prob- 
ably not significant For both monocular and bmocular measurements Z 
is smaller with monochromatic hght than with white To a very close 
approximation log A/, decreases with respect to mcrease of log A at the 
same rate for monocular and for bmocular exatation in each case If 
bmocular presentation of a given area to each eye actually "doubles” the 
number of affected elements, then a given increase of area will produce 
about the proportionate mcrease In potentially excitable elements m case of 
two eyes as when one is used, and our Z should not change appreciably 

It will he noticed that m this formulation Z is held to be essentially 
mdependent of changes produced m A7 by means other than alteration of 
area, except in so far as Z is dependent on X The monocular and bmocular 
values of AI thus far considered differ at fixed by a small but defimte 
amount Thu has been tested by plottmg (from Figs 3, 7, and 9) the 
values of log A7, at^ = lOumts agamst the correspondmg values of log h 
These data, however, are not most suitable for the determination of mtrmslc 
differences between monocular and binocular exatabflities Senes of 
determmations were therefore made by observing AI (smgle measurement) 
with one eye, then with the other, and then with both, until five sets of 
readmgs were secured at a given A and Ii (cf Croxier and Holwaj , 
1938-39 b) 

Homogeneous data secured m thu way are given m Table VH Two of 
these senes, log 7i «=> I 20 and 1 20, were obtained by the method used in 
Table I, namely by symmetncal enlargement of the area on ather side of 
the fovea, at another, intermediate intensity (log /, ■= 0 80) the method 
of Table H was employed, area bemg enlarged by geomctncally progressive 
steps toward the fovea from n fixed margm 12 8° on the temporal side [cf 
sechon IV) It u to be noted that, as m the case of “absolute” threshold 
measurements with small areas at various retmal positions (Croaer and 
Holway, 1938-39 J), small differences are apparent in the readmgs with 
the two eyes For the observer used m Table VH we hav e already found 
these differences to be comparatively mmute Thu is for certam purposes 
a dutinct advantage In the senes under present consideration Uie'dlffer- 
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TABLE Vn 

Comparable results for bmocukr and monocular aT Angular breadth, A mtensity, 
Ii, wave-length composition, and exposure time (0 04 second) are parameters For the 
upper and the loiver curves (log /i «= 1 20 and 1 20), all images were centrally fixated. 
A', m degrees, is the angular width of the image on the retma (height, 20 8°) h is the 
standard intensity For log /i = 0 80 (middle curve) the outer margm of the test 
patch was at 12 8° from the fovea {see text) Each AJ„ value is an average of five meas- 
urements, CM (m parentheses) is the root-mean-square vanation of a smgle observa- 
tion aIb is for bmocular regard, AI^, and Alg are the values for the left and nght 
eyes respectively. Observer, AJS H. For discussion, see text Fig 11 
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ences between A/x, and are probably not significant For each value 
of ai, and for all values of A, A/^ is seen to be smaller than A/^ or A/jj 
Usmg equation (5) to describe these data (Fig 11), the mean value of Z is 



Fio 11 Data of Table VIE, homogeneous for the comparison of monocular icith 
TjmoculaF duffereutial threshblds £Jm for nght eye and left eye arc indicated by direc 
tions of the on the open orclcta for binocular observations, b> sohd oidets Cen- 
tral plots at log /j - 0 80, arc for the method of Table II the others for the meSiod of 
Table I (see text) 
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0 255 when log area A is taken to base 10, for both the monocular and 
bmocular measurements 


The mean difference between log = 0 46 logio 


umt, or 0 14 with A to base 2 The antilog of 0 14 = 1 38 For absolute 
thresholds (cf also Lythgoe and Phdhps, 1938) we have obtamed 1 41 for 
the ratio of monocular to bmocular excitatory intensities (Crozier and Hol- 
way, 1938-39 b), but we noted that for greater than zero values of Ii the 
ratio fell below 1 4 The meaning of this ratio clearly is that duplex presen- 
tation enlarges the number of potentially exatable elements, and may 
double it, hence the fineness of statistical discnromation is mcreased, and 
the recognizable difference between /j and becomes smaller, together 
with its (7 (cf Crozier, 1936, etc ) 

The ratio between (AI^ -f AI^/2 and A/^ must obviously be in general 
an mdividual constant Consider the case of any mdividual with defect 
in one e 3 '^e, so that A/' is very much greater or less than A/", here the value 
of the ratio must be less than 14 It is also a fact (our unpubhshed data) 
that a large hght image of subhmmal mtensity, placed on the retma of one 
eye can quite detectably influence the threshold stimulus as apphed to the 
oilier eye 

None of the senes m Table VII is homogeneous for the form of the area- 
AZ fimctton, smce they mvolved successive use of each eye followed by the 
use of both at each area We might expect, therefore, to find greater scatter 
of points in the graphs However, the slopes of the lines as drawn (Fig 11) 
agree well with those gotten respectively for the two types of experiments, 
in which (1) exated area is symmetncally enlarged on either side of the 
fovea (Z = 0 267, and 0 255), and (2) by mcreasmg steps toward the fovea 
(Z = 0 591, and 0 495) For the data and conditions of Table VH, Z is 
in each case a httle lower, v/hich may well be accoimted for by the difference 
in the procedures This result is fully confirmed by another extensive 
senes of measurements, mvolvmg larger areas, data for which are not given 
m this paper, vhich also gave identical values of Z for nght and left eyes 
and for both together, but Z here = 0 24 


IX 

Organic Vanabthly 

One of the first attempts to deal with the form of the function relating 
(o\er a limited range) differential sensitmty (= I/A/) and discnminatory 
preasion (— ^/<7i/) was made by G E Muller (1879), see also Troland 
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(1917) Others have been concerned with the relation from the standpomt 
of correlation methods (Thomson, 1912, Culler, 1927), showing that the 
two quantibes are not mdependent but are directly related — at least over 
moderate ranges, and with non homogeneous data More recently the 



10 1 
log A Ig 


Fio 12 The iriabon between and vi^, for ibaolete thresholds (A/ a), for three 
observers (data In Croner and Holwny 1938-39 3) Froportionahty a direct {ix the 
slope of the graph — 1) The line hisecting the area between the marginJ has 59 points 
above it, 60 below in such non homogeneous data log oar is symmetrically ( ‘normally ') 
distrihuted at fixed A/ see text 

rdation has been determmed over wide ranges of mtensities for several 
different sensory modahties {cf Crozier, 1935, 1936, Upton and Crozier, 
1936, Crozier and Holway 1937 1938, Holway and Crozier, 1937, Crozier, 
Wolf, and Zerrahn Wolf, 1936-39) In generi, for all these cases, includ 
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mg those m which a cntical intensity has the meamng of a discriminated A/, 

fftl = kX&Im + C), 

and C IS almost always = 0 

Each of the quantities o-^/ and Aim is probably determmed organically 
Stnctly speakmg they are gotten under tdenhcal experimental conditions, 
smce both depend on the same measurements Their mterrelationship is 
mtrmsically a law of the orgamsm under scrutmy 

The values of a here dealt with are of the order of 10 per cent of AI„ 
Lest these be mistakenly supposed to signify a comparatively large varia- 
tion, we may pomt out that we deal with cri, the root-mean-square disper- 
sion, not the S D of the mean If computed m the more usual manner, 
givmg the P E of the mean as a percentage of the mean adjusted intensity, 
which IS of course a function of the number of observations averaged, ctj = 
0 1 Aim here corresponds to ca P E „ < 0 3 per cent of 
We have already shown that 0 -^/ = k AI for h as vanant (Crozier and 
Holway, 1937, 1938) If it can now be shown that the same law operates 
at any fixed level of Zi, but with A as vanant, then it cannot be assumed 
that <xaj( = k <T/,) IS determmed by the magmtude of the stimulus (intensity) 
For a given Ji, the amount of hght entermg the eye increases with the size 
of the retmal image If equation (5) holds, however, should nonethe- 
less decrease, as it is found to do 

Fig 13 shows that this is the case Each plotted pomt is an average of 
five measurements The outer lines depict statistical hmits (Tcm is 
directly proportional to <Tci itself The solid hne is drawn with a slope 
= 10, and, for A and X as vanants, cr^j for any value of Zi is seen to be 
directly proportional to AZ We shall deal m another place with the 
evidence showmg that the same rule holds with exposure tune as vanant 
This fact is consistent with the h 3 q)othesis that this relation descnbes an 
orgamc mvanant {cf Crozier and Holway, 1937) 

In Fig 12 we also give the vanation data from our earher experiments 
on absolute thresholds as a function of retmal position (Crozier and Holway, 
1938-39 h) The data plotted m each assemblage do not form a homo- 
geneous population of o-’s, consequently we must expect {(f Holway and 
Crozier, 1937 a) that bisection of the upper and lower limits of log cr, at 
any (e\ er}0 level of AI„ will divide the band population into numencally 
equal halves, as is illustrated m the figure Data which are homogeneous 
show that the c-width of the band must be divided anthmetically, not the 
log a width, to achieve this result (Upton and Crozier, 1936, Holway and 
Crozier, 1937a) , this is a consequence of the fact that 0 -^/ determines Aim 
It IS noteworthy that -when Zi = 0 (» e , for absolute thresholds) <xic,i„ has the 
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same value for a given level of A7o as for am witli 7i fimte, consequently 
am cannot be regaided as a constant fraction of Ji or of U The log a 
mtercept values at given levels of log A/, for observer AJIJH (Fig 12), 
measimng the proportionahty constant m the direct relationship between 
Aim and am (and thus mversely estimatmg the precision with which Aim 



Fio 13 Ite rditioa between aim «nd am lor tJ nt finite levels of /i, with »rea and 
X u parameteis, is one of constant proportionality for an observer (data of Tables I, 
n, and V), for binocular observations Oog A/ scale above) the proportionality constant 
IS a httle higher 

13 obtained), are I 02 for the mam monocular tests and I 07 for the chief 
binocular tests discussed m the present paper For an earher senes of 
experiments (i/ section HI) the value I 26 was obtamed It is of course 
conceivable that the IS per cent increased precision m the newer eipen 
ments may represent the effect of expenence (“practice”)! but this is 
imlilrpl y for Several reasons (1) there is no evidence of drift of precision 
during any one set of experiments extendmg over several weeks, and (2) 
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several senes of tests by other methods, before and after this particular 
senes, give higher values of the preasion These latter senes have already 
been bnefly considered elsewhere For AI tests mvolvmg the method of 
successive companson with a hmar mcrease of Iz (Holway and Humch, 
1937), log (Tiij for log AJ„ = 0 is 2 99 (cf plot m Crozier and Holway, 1937) , 
for a senes mvolvmg photometnc adjustments with mcrease of /o by mverse 
square of distance (Holwaj’-, 1937) log o-ia/ is 1 15 (Crozier and Holway, 

1937) In our senes of absolute threshold (A/o) measurements (white 
hght, Crozier and Holwa}'^, 1938-39 5) it is 2 98 (Fig 12), m a further senes 
of relative threshold data it is 2 93, these two sets mvolved logarithmic 
increase of Iz Thus there is no relationship between the precision and the 
mode of manipulation of the adjusted mtensitj’-, whether by loganthmic 
optical wedge, hnear mcrease, or by use of the mverse square law, imder 
the conditions of these experiments It is accordmgly difficult to conceive 
that the law of the scatter of A/i is detenmned by the character of 
the manipulative inaccuracies inherent m different kmds of operating 
procedure In these cases ated a given small false adjustment of the 
mampulated distance of lamp or of travel of the wedge will obviously 
produce a change of mtensity m the loganthmic case proportional to I, 
m the mverse square case proportional to f'‘, and m the hnear case an 
amount which is always constant Therefore different laws would neces- 
sanl}’’ be obtamed if the properties of were governed by ‘'obsen’-ational 
error” of instrumental ongm 

It is clear, we beheve, that the findmgs made on the basis of predictions 
that the vanation measured by is organically determined by the tested 
mdimdual are umquelj'- consistent with this position Of these we may 
refer here to 2 the mterrelationships between ap and ct/ for responses to 
^^sual fficker (Crozier, Wolf, and Zerrahn-Wolf, 1936-39), and the mter- 
dependence of and of o-j, m AI measurements (Crozier and Holway, 

1938) Further (impubhshed) experiments m which, by means of hetero- 
chromaiic matches, “AI” has been detenmned over a range of constant 
bnUiances, show that the law for the beha\aor of is predictably different 
dependmg upon which of the two differently colored lights is adjusted, 
although their modes of manipulation are identical 


X 


SUMMARY 

Measurements of A/ as a function of retmal area illuminated have been 
obtamed at \anous levels of standard intensity /i, usmg “nhite” light and 



W J CEOZIEE AND A H HOLWAY 


139 


light of three modal wave lengths (X465, 525, 680), for monocular stunula 
tion and for simultancouB exatation of the two eyes ('Timocular'’), using 
several methods of varymg (rectangular) area and retmal location, with 
control of exposure time 

For data homogeneous with respect to method of presentation, 
log — — Z log A + C 

where AI = /t — 7i, >4 is area illummated, and C is a terminal constant 
( «== log A/« for = 1 umt) depending on the umts m which AI and A are 
expressed, and upon h 

The equation is readily deduced on dimensional grounds, without refer 
ence to specific theones of the nature of AI or of retinal area m terms of its 
exatable umts Z is mdependent of the umts of I and A Eiq>erimentaU} 
it is found to be the same for monocular and bmocular exatations, as is to 
be expected Also as is expected it is not mdependent of X, and it is 
markedly influenced by the scheme accordmg to which A is vaned, it 
depends directly upon the rate at which potentially exatable elements 
are added when A is made to mcrease 
For simultaneous exatation of the two eyes (when of ver> nearly equiv 
alent exatabflity), Alg is less than for stimulation of either eye alone, at 
all levels of h, A, and X The mean ratio (a7^ + AJj^/2 to Alg was 1 38 
For white hght, doubhng A on one retma reduces Aim m the ratio 1^1, or a 
httle less than for bmocular presentation under the same conditions These 

facts are consistent with the view that the properties of AI are quantita 
tively dete rmin ed by events central to the retina 
The measure <rm of orgamc vanation m discnmination of intensities 
and Aim are found to be m simple proportion, mdependent of Ji, i4, X (and 
exposure time) Vanabihty (<risi) is not a function of the mode of presen 
tation, save that it may be slightly higher when both retmas are exated, 
and its magmtude (for a given level of Aim) is mdependent of the law 
accordmg to which the adjustable mtensity I» is instnimentally controlled 
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TEMPERATURE AND CRITICAL ILLUMINATION FOR 
REACTION TO FLICKERING LIGHT* 

V XlPHOPHORUS, PlATVPOECILTUS, AND ThEIE HyBEIDS 
Bv W J CROZIER AHD ERNST WOLF 
(From /Ac Biological Laboratones^ Harvard Umversiiy, Camhrldp) 

(Received for publication, March 24, 1939) 

I 

For vanous linda of animals there are found* pronounced quantita 
tive and quahtative differences in the dependence of visual eiatabdity 
upon temperature It has also been shown’ that specific values of certain 
parameters descriptive of the form of the visual response contour (for 
reaction to flicker) behave as hentable mvanants m cross-breedmg espen 
ments mvolvmg teleosts of the genera Xfphophortts and Platypoecihus 
The question arises, do these constants differ m their dependence upon 
temperature? 

Parameters which are hentable must be considered to espress determinate 
properties of disUnct assemblages of elements The fact that the function 
effiaently descrlbmg the relation of cntical mtenslty to flash frequency is a 
probabihty mtegral* m log I raises a number of significant quenes The 
use of this particular funebon is required for two reasons it describes the 
course of the data, thus far uniquely well, and its parameters (F^ , 
t' — log I at inflecbon, and cr'ic, ,) have been shown to eapenmentaHy 
exhibit appropnate properbes and v'lo, , are the measures which 

show genebc mvanance numencally They are expressions of essentially 
stabsbcal attributes of the assemblages of elepjpjU concerned When 
temperature is vaned thej are found to remam c6ffelaj\t.' Mahce it cannot 
be assumed that reacbon veloabes are direcby concerned m their deter 

■Previous reports m/ Gen PA^iwl , 1936-37 *0,393 411 193a-39o 22,311, 1938- 
398, *2, 487, 1938-39c, 22, 795 Froc Nat Acad Sc, 1938 24, 216, 1939<i 26, 78, 
19398,26, 171, 1939e,26, 176 

‘Froc. Nat Acad. Sc., 1938 24,216 1939,26, 78 J Cen Fhynot , 1938-39 o, 22, 
311 1938-39 8 22,487 1938-39 C 22,795 r”™ 

•J Gen Fkysiol 1937-38,21, 17,1938-39,22,463 Froc Nat Acad Sc 1937 
516, 1938, 21, 542 

'Froc. Nat Acad Sc 1937 23,71 J Gen FhyiloL 1938-39 22,311,451 
143 


144 


TEMPERATUEE AND RESPONSE TO FLICKER V 


rmnation The absassa of inflection, however, is dependent on te 
ture, and m such a way, quantitatively, as to require the assumptic 
the exatabihty (1/7, F fixed) is governed by the speeds of intrinsi 
tions common to all the elements concerned m the production of i 
reaction contour 

This situation permits a rather defimtive test of two distmctly di 
questions The first has to do with the proposition® that the cha 
istically duplex curves of visual performance obtamed with vert( 
are of a form which permits the deduction of kmetically different m( 
exatabihty for retmal rods and cones The second concerns thf 
general conception of the nature of genetic differences The potei 
dence which can be obtamed by way of genetic tests of organic mva 
mdicates that a connection may be theoretically important and emp] 
significant We have exammed from this standpomt the depende 
response to flicker upon temperature in XtphopJwrtis, Platypoecihn 
their Fi hybnds 


n 

The technic of the tests has been descnbed in other cases ^ To favor homoge] 
observational conditions the number of animals tested has been reduced to th 
where it has been possible to obtain very careful readings of critical intensitK 
sets of Xiphophorm {X ), Plalypoecihtis {P ), and Fi on the same day, imder ti 
general conditions, withm a space of several hours Three observations were ta 
each individual at each flash frequency (F) used, at each temperature Observat 
any one day v ere taken at the same temperature The order of the temperatur 
was essentially random, and mcluded adequate check determmations at 
temperatures Of A” fwon/esKiwa, 5 mdividuals were used, of J* wiocm/u/kj, 5, and< 
The essential equivalence of mdividuals m any one of these stocks^ obviates the ne 
of large numbers of individuals, as mdeed the present results also prove Thi: 
only be justified, however, on the basis of adequate expenence with these animals 
vanation of the readmgs supphes an efficient checL The individuals used ha 
represented in our earher experiment with these forms ^ 

Determinations of cntical mtensities were made after several hours* dark adaj 
in a thermostat® at the desired temperature Durmg the comparatively bnef u 

® Cf Hecht, S , Physiol Rev , 1937, 17, 239, and much earher work there summ; 
Harvey Lectures, 1937-38, 33, 35 

Geu Physiol ,1929-20, 13, 57, 81, 1931-32, 16, 421, 1936-37, 20, 111, 19 
21, 17, 1938-39, 22, 463 

' P roc Nat Acad 5’c , 1938, 24, 542 J Gen PAyjjol , 1938-39, 22, 463 

^ Cf J Cen Physiol , 1932-33, 16, 757 We are under obhgation to the Trus 
the Elizabeth Thompson Saence Fund for a grant to one of us which was used 1 
construction of one of our thermostatic tanks 
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cmt of the thennoaUt required for an observation the aquarium containing a finb (In 250 
ml water), the temperature of the container, and probably that of the fi^h, diangcd a 
little. The temperature listed in the tables (I and 11) has been corrected for change, 
80 as to give the mean temperature during the penod of observation This never differed 
by >0.3® from the adaptation temperature. While we naturally regret this eourcc of 
inaccuracy, it has been impossible to thermostat the optical system employed for the 
observations, or the whole daii. room At the same time it is to be noticed that the 
temperature change m the fish was probably slower than in the aquarium water and that 
the quantitative result obtained (Pig 2) would be by this factor if anything slightly 
but definitely improved if the correction conld really be apphed m a more adequate way 
The behavior of the different lots of Individuals used is not quite the same. X 
nonUsuma, P ntaculaitu, and Pi (or have been described previously We have to 
add certain points concerning relations to temperature, and also some comments on the 
Ft individuals obtamed from our Ft s (tf Section VI) 

X moniesuma is less quiet than P maadalus Quite young Individuals are on the 
whole not so restless but are difficult to observe at low iHummations, and consequently 
older individuals were used 'Ihar reactions ore clearer at low flash frequencies With 
higher temperature the cntical reactions become sharper and more vigOTCUs. At lower 
temperatures the end-pomt must be approached with particular care to avoid over 
shooting of the critical Intensity At P • 25 restlessness increases with rise of 
temperature, 

P macvlaius is steadier, and at low illuminations the observation of the marginal 
response to flicker presents no difficulties at any leanpcrature. At P - 25, and par 
ticuliriy at higher temperatures the platya tend to push against the cylinder wall, nose 
down, and may exhibit a genenU activity — due m large part to the light — upon which 
the forced reaction to disaiimnated flashes Is superimposed during quiescent mtervak. 

The Pi hybrids are more nke A than like P In their behavior Even after 6 months 
under observation they are comparatively wild readings arc taken during penods of 
qidescence. At hJ^er temjieraturei restlessness is greater at P — 25 especmlli 

Pj hybnds were obtamed (several broods) from 1 Pi (f and 2 Pi 9 The age 
differences in the lot used were 5 to 6 months (lengths 14 to 30 mm.) They ore much 
more quiet than Pi All tests with these were made at 21 5 C, Up to P • 10 responses 
were quite and sharp mostly as a motor jerk in the direction of rotation of the 
stnpei Above P — 10 these animals stay at the periphery of the jar and respond bj 
moving slowly (but with rapid fin motions) in the direction of passage of the itnpes, 
the responses are more difficult to recognise. In general the bchasdor Is much more like 
platy tfi*" like fnon/esvma, In contrast to Fi, but this may easily be due m part to the 
fact that they were subjected to the laboratory routine from an earher age. 

It is to be noted that small and Urge individuals of any one of these types arc quanb- 
tatlvclv Indistinguishable in tbar values of cntical mtensitics. This ans most elabo- 
rately shown with Ft (Section VI) but was found also for V nonkjuma 

The Bummanzed observations are given in Tables I and II Our plan 
was to secure data at a low flash frequency within the purely **rod” section 
of the duplex flicker response contour, and also at a much higher frequency 
within the purely “cone” segment of the curve Fig 1) For this purpose 



TABLE I 


Mean cnticcil intensities and the dispersions of the individual values (as log 
miMamberts) for response to visual flicker at the low flash frequenaes (per second) 
indicated, for X monteznma, P mactdatus, and their Fi hybnds, at vanous temperatures, 
flash cycle with hght and dark mtervals equal For X and P ,N = 5 mdividuals each, 
for Fi, iV = 2,3 readings on each individual at each temperature (Values in parentheses 
are from parallel tests with other lots of mdividuals ) 


^■=■40 F=25 F = 30 



X moniczuma 

P maailalui 

Fi.X XP 


log In 

log P E,ii 

log/m 

log P E ir 

log In 

log P E 11 

12 7 

6 8913 

7 1577 

6 4098 

7 8028 

6 0846 

7 6850 

15 4 

6 7793 

7 0569 

6 3023 

7 4554 

6 0330 

8 9227 

17 2 

6 7065 

8 8945 

5 2222 

7 3699 

6 8936 

7 0733 

19 2 

6 6622 

8 9018 

5 2028 

7 6761 

6 8710 

8 7894 

21 5 

6 6942 ' 

8 8892 

6 1274 i 

7 5987 

6 8197 

8 3665 


6 6936 

8 9199 

6 1202 

7 6028 

6 7643 

8 8189 


(6 6891 

8 7059) 



6 7487 

8 3705 


(6 6062 

7 2299) 

1 


6 9534 

8 8235 

23 9 

6 4823 

8 9287 

6 9827 

7 1813 

6 6981 

7 1383 




6 0266 

7 5883 



27 2 

6 4108 

8 7950 

6 8764 

8 9577 

6 6441 

8 7633 

29 7 

6 3126 

8 6640 

6 8073 

1 1562 

6 6222 

7 0043 

32 7 

1 6 2462 

8 6842 

6 7786 

8 6406 

6 6046 

8 6850 

35 6 

6 1697 

8 3257 

6 6111 

8 8539 

6 3222 

8 6630 


TABLE n 

As m Table I, but at flash frequency F = 25 per second 


F = 25 



X monlezuma 

F macujatus 

Fi.X XP 


log/m 

log PB ii 

log/m 

log F E IJ- 

login 

log P E 1 / 

12 7 

i 7646 

2 0966 

0 6831 



2 9697 

15 4 

i 6717 

2 0730 

0 4736 



2 3893 

17 2 

i 6786 

3 6603 

0 3804 

2 8353 


5 2679 

19 2 

i 6346 

3 8193 

0 3496 

2 7761 

■ESI 

i 2536 

21 5 

i 4671 

3 5317 

0 2896 

2 6109 

i 9999 

5 0367 


i 4639 

2 1501 

(0 3002) 


i 9880 

5 5750 


(i 4700 

3 8653) 

(0 2833) 





(i 4698 

3 9677) 

(0 3107) 


0 0020 

3 9943 


(i 4708 

3 9719) 

(0 2911 

2 8185) 



23 9 

i 3769 

3 6897 

0 2030 

2 2894 

i 9046 

5 2191 

27 2 

i 2617 

3 7205 

0 0962 

3 9925 

i 8211 

3 7356 

29 7 

i 1940 

3 5861 

0 0233 

2 2403 

i 7361 

3 6516 

32 7 

i 1326 

3 4407 

i 9367 

2 1278 

i 6676 

3 6399 

35 6 

i 0342 

3 3699 

i 9916 

3 8785 

i 6641 

i 3653 
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we chose for X , P , and Pi respectively the levels P 4, 2 5, and 3 (cf foot- 
note 7), and for all of them P >= 25 The fact that for each of the three 
forms the difference A log between mean critical mtensities at the high 
and low flash frequenaes is independent of temperature shows directly that 
the form of the P — log contour is independent of temperature ^ With the 
sunfiah Enneacantlm^ we discovered that for the low P segment of the 
curve there occurs a dislocation with respect to the upper (cone) part, at 
ca 20°C With the fishes herem concerned this is not found 



Fio 1 Flicker re^nse contotirs for X mtfniauma{X),P mocw/aniJ (P ), and thdr 
Fj hybrids (H*) Temper»ture, 21^ flash c\xle with light time - dark time <7 
Crorier, W J , and Wolf E , 1938-39, J Physiol , 22, 463 The horttontal lines 
indicate the levels of F at which observations of dependence on tanperature were made 
(Tables I and II) 


in 

The data of Tables I and EE arc plotted m terms of the Arrhenius equa- 
tion In jfe ■» eip (— ^/PP) -f c, m Fig 2 For this purpose it has been 
considered that the proper measure of exatabihty is to be taken as l/Im 
The fact that P vs log 7« is the fundamental descriptive function* is no 
obstacle P vs log 7« is a s umma tion curve of neural effects produced, 
at a given level of P, with other relevant conditions fixed, these effects are 
ehated by flash intensity 7 The capacity of mtensity 7 to arouse effects 

•• Proc Nat Acad Sc^ 1939 26, 78 J Gm Physiol , 1938-39, 22, 487 
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adequate to occasion response is presumably goveme* 
metabobc events m the neural imits concerned If 



In (l/Jj = exp i-fi/RT) + C, 


for each flash frequency The slopes of the lines, and conseq 
tinguishably different, consequently « 12,400 is independent c 
The three upper hnes refer to the cone parts of the F — log I 
to the rod parts («/ Fig 1) 

The constant relative scatter of !//„, of course, depends m 
observations in each senes, but there are indications that it is in 
than for P 


veloatv pla>s a controUmg role, and if it is of a ph 
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mversdy with the veloabes of the exatabihty process if its reaprocal is a 
rational measure of “exatabihty” The simphaty or complexity of the 
govemmg processes is somethmg to be detennmed from the properties of 
the data, not hy antenor convictions about the nature of events m or 
ganisms The graphs m Fig 2 show that l/f is described by the Arrhemus 
equation and that for A ,P, and F\ n for 1//, is demonstrably eqmvalent, 
both m the rod and m the cone segments of the F log / contour 

The values of the temperature characteristic n m Fig 2 are, from above 
downward, 12,550, 12,400, 12,430, 12,450, 12,600, 12,700 (mean - 
12,510 ±30) These values do not differ significantly They are obtamed 
from the slopes of the hnes adjusted to give the best reasonable descriptions 
of the dispositions of the points, with particular reference to the fact that 
m each senes of readmgs ai is* directly proportional to 7„, mdependent of 
temperature If, because of lag m dnlt of mtemal temperature durmg 
observations at temperatures much above or much below that of the room, 
the values of m Tables I and II have been over-corrected, the recti 
hneanty of the graphs m Fig 1 would be somewhat unproved and the value 
of /i would be shghtly less (not below 12,300) 

IV 

For different animals* thus far investigated the values of fi obtamed for 
1 //. are quite diverse This is in correspondence with the fact that one 
must presume sunfish, turtle, dragon fly njunpb, and similarly unlike forms 
to be the embodiments of quite dissimilar physicochemical systems Our 
genera X and P (both placed by taxonomists m the family Poeciltidae) 
are less unlike m this respect, smee they can mterbreed and produce fertile 
offsprmg In the other forms mentioned not only are the values of ji dif 
ferent, and also different from the 12,500 for A and P , but also the types 
of physicochenucal organiiation of visual exatabihty rei’ealed by the occur 
rence of critical temperatures * These facts provide a forceful empmeal 
argument for the analytical significance of ji as a quantitative mdex of 
temperature dependence One aspect of this matter deserves renewed 
comment. The argument we have used imphes that for response at a low 
F the veloaty of the process for which I is responsible is required to be much 
less thnn at a high F In the present observations n is independent of the 
magmtude of this presumptive veloatj , over a range of /_ corresponding 
to a factor of 250,000 {cf Tables I and 11, Fig 1) — much greater even than 
m our earher observations on Enneacanthiis •" 

This sort of homogeneity can result if the constant ti has the kind of 
meanmg envisaged m the hypothesis that it represents the activation 
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energy of a governing catalyst,® and if the organic elements concerned m 
the eventuation of the mdex response constitute a truly homogeneous 
population (aside from statistical dispersion) An objective verification of 
this requirement is given by the dispersions of the measurements of cntical 
mtensities No persistent differences in the exatabihties of the mdividuals 
m any one set were detectable, this is the condition already found m other 
work with fishes ^ Fig 3 shows that the relation between P E and /m 
is rectilmear, when change of is mduced at fixed levels of F by altermg 



Fig 3 The vanatioa of A is directly proportional to for Z , P , and H" when 
temperature is vaned at fixed levels of F (the log-log slope ■= 1) 

the temperature The proportionahty constants are identical with those 
found'® in previous observations with these forms at constant temperature 
"When it is mdependently demonstrable that m experiments of this kmd 
more than one process is mvolved m the control of the cntical intensity" 
the vanation of I„ v, hen temperature is the vanant does not exhibit these 
properties Smce the three sets of individuals providmg the data in Fig 3 

» / Gen Pbystol , 1938-39, 22, 311, cf 1924-25, 7, 189, etc 
1® J Gen P/iysiol , 1938-39, 22, 463 
" / Gen Phystol , 1938-39, 22, 795 
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are not homogeneous, rve, of course, find that the division of the band mto 
halves with equal numbers on either side of a central hne requires the biscc 
tion of the log P E span, not of anthmetic P E This corresponds to the 
effect of mdependent fluctuations of a visual performance function as a 
whole m senes of detenmnations with one mdivfdual over a pcnod of time “ 

For the sunfish Eniteacanlhus we found for l/7„ /i = 8,200 (12 to 20°) and 
11 = 14,400 (20 to 30°), for Pseudcmys (turtle), n = 27,000 (11 to 29^) 
and II = 12,400 (29 S to 36°), mcomplete experiments with Fundulus gave 
(above 20°) ii — ca 12,600, with Aiiax there can be distmgmshed a con 
troUmg process with /i = 19,200 (8 5 to 35°) The forms of the F — log I 
contours for these animals are quite different. The types of dependence on 
temperature also differ, as shown by the occurrences of cntical temperatures 
In this respect the control of visual eiatabDity resembles that for such 
properties as the frequency of the heart beat m various animals, and is not 
mconsistent with the view that the exatabihty measured is governed by 
the speeds of common cellular metabohc processes With the exception 
of /I = 8,200 at lower temperatures with Enneacanthus, the temperature 
characteristics thus far found are not those typically assoaated with respi 
ratory oxidations The indication is that with such forms as X and P 
over a considerable range the level of respiratory oxidations m the neural 
elements concerned might affect the value of 7« with F constant, but without 
modifying its temperature characteristic. 

That m all these cases nse of temperature lowers 7., and that the values 
of n are very much higher than permits assigmng them to photochemical 
reactions, is qmte consistent with the conception that the determmation of 
margmal response to flicker is dependent on central nervous discnmmation* 
between the results of flashes and their after effects We are not called 
upon to give a specific interpretation for the value of ii obtamed m the 
present experiments, but it may be pomted out that ii = 12,200+ has been 
typically found for frequenaes of various (non respiratory) movements of 
arthropods,'* and also in connection with heart beat frequenaes for which 
Ii B 8,300, 14,400, 20,000, and 27,000, have also been found “ No inter- 
pretation of the specific causation of /i = 12,400 is required for our present 
purposes, but merely the fact that it is a vahd constant (Fig 2) and that 
its value is so high. 

" Pm Nal Acad Sc. 1937, 23, 23, 1938 24, 130 

'*7 Gen Pkyiid 1926-27 7,123 565 1928-29,0,49 1929-30 10,227 

"Er J Gen PAyrarf , 1927-28 U,349 
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For the interpretation of the shapes of flicker response contours it has been 
held desirable to push to the plausible hrmt the assumption that they are 
governed by the kmetics of processes linntmg or determinmg pnmary 
penpheral exatation The logical necessity for this is not espeaally 
notable, smce it should be obvious that the responses providmg the basis for 
the measurements are not actually given by the retma but are determmed 
by the performance of the animals as reactmg systems Descnptions of 
the forms of the rod and “cone” branches of the flicker response contours 
for vertebrates have been given m terms of photochemical reaction systems 
presumed or deduced to characterize difierences between the exatatory 
capaaties of retmal rods and cones These differences provide, for any one 
kmd of animal, an “mtemal” situation posmg a test of these general ideas 
The essential point is that for such forms as sunfish (EnneacantJms) , Xtpho- 
pJwrus, and Plalypoecthus it is necessary to assume on this theory^ that the 
photochemical pseudostationary state m the rod elements is specifically 
different from that m the cones, as we have already pointed out As 
deduced from the supposed apphcabihty of Talbot’s law to the situation at 
margmal flicker, with the assumption that the veloaties of photochemical 
and dark processes are critically unbalanced at the pomt of marginal 
response, the equation for a flicker contour takes the form^®’ ® 

PKI = F"/(F„„x - F)" 

where p = the percentage light time in the flash cycle, AT is a composite 
constant, and n and in are the apparent orders respectively of the dark and 
hght processes The equation fails to predict even the correct direction of 
the shift of the curve with change of temperature,^^ let alone the form of the 
temperature function It makes erroneous predictions as to the dependence 
of the position and other properties of the flicker contour when the light 
tune fraction is altered Nevertheless it is desirable to show that in a 
purely quahtative sense this equation fails to interpret the flicker response 
contour in any single t)pe of vertebrate 

« J Gen Phystol , 1935-36, 20, 363, 411, 1937-38, 21, 17 
Hecht, S , Shlaer, S , and Smith, E L , Intermittent light stimulation and the 
duphaty theory of vision, in Cold Spring Harbor symposia on quantitative biology, 
Cold Spnng Harbor, Long Island Biological Assoaation, 1935, 3, 237 

Gen Pkystol, 1936-37, 20, 393, 411, 1938-39, 22, 311, 795 Proc Nat Acad 
Sc , 1938, 24, 216, 1939, 26, 78 

IS / Gen Physiol , 1937-38, 21, 313, 463 Ross, R T , J Gai Psychol , 1938, 18, 
111 
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The quesbon cannot be deaded by curve fittmg to observations under 
fixed conditions One reason is that for duplex performance curves (o) 
the rod curve is usually much too small, and m some cases (e g man, newt“) 
too complexly mvolved with the cone segment, and (6) the larger cone part 
cannot be directly tested m the lower 20 per cent of its range. For such 
duplex contours it has been found necessary to conclude that the mecha 
nism of exatabihty mcludes systems of processes m which the orders (» e , 
n and m m the equation) of the reactions difler for rods and cones, in the 
same animal If the dependence of critical mtensity upon temperature 
proves to be quantitatively the same, however, for rod and cone curves 
it cannot be assumed, nor on any ground asserted, that the physicocheimcal 
basis for visual performance is dififerent m the rod and cone elements This 
IS not the same thmg by any means as statmg that they are identical. If 
the physicochemical basis for primary excitation of retinal rods and cones 
IS different in essential particulars, this difference is not mvolved in the 
diffenng shapes of the two branches of the flicker response contour And 
the chemical kinetics of the primary exatation reactions therefore cannot 
be deduced from the form of the curve 
For Enneacantkus, X , P , B', and H", the apphcation of the photo- 
stationary state equation provides a passable desenpbon of the nsmg phase 
of the P — log 7 contour " For Tntums (newt)“ and certam others it does 
not Nor m any case does it give anythmg like an acceptable mterpreta 
hon of the mtermediate region of the F log I curve where the putabve rod 
and cone branches overlap The upper cone segments are in general rather 
well described For those cone segments which are of low slope and much 
mvolved in the rod part,” the descnption apphes only to the highest levels 
of F For much more completely exposed cone curves the use of the 
equation gives actually no better a description than is given by a logistic 
m log I (te ,n — m) For completely isolated simplex visual performance 
curves, rod or cone, the equation does not fit at afl.” In these cases values 
of n and m (apparent reaction orders for opposed dark and light reactions) 
are chosen as 7 or 2 In different animals the values which have to be 
selected differ for the rod and cone branches In any one animal they also 
differ m this way 


“7 Got Pkynd^ 1937-38 21, 203 Prve Nal Aaid Sc , 1938, 21, 125 

Gm Phytud, 1935-36, 20, 363 1937-38 21, 17 Hecht, S 1938 J Afpl 
Physics 9, 156. Harvey Lectures 1937-38 33, 35 
*1 Data on FumiuJur in course of publication. 

“Proc Nal Acad Sc., 1938 21, 125,216 538 7 Gen Pkyssol., 1938-39 22,311 

795 
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Since the flicker response contours for Enmacanthus, X , turtle, Aiiax 
and the hke exhibit difierences in their shape constants, and smce n for 1/7 
IS likewise diflerent, it could be entertained as a possibility (but not proved) 
that with these forms, diSerences m the chemical (mcludmg photochermcal) 
kinetics of the exatatory processes are mvolved in producmg the differences 
m shapes of the contours The argument is completely mdependent of 
any specific assumptions whatever concerning the form which the mass 
action kmetic equations employed to descnbe the data may be forced to 
take But the same kmds of differences in shape constants occur in the 
rod and cone segments for a smgle kmd of animal, as m X , P , H', H", 
and E Yet for each of these cases (exceptmg S', not tested) the tem- 
perature charactenstics (ji) for l//„ at fixed F are identical 

Consequently one is not permitted to assume that in any of these fishes 
the chemistry of the exatabihty situation is different m the rod and cone 
branches of the intensity function The alternative is to conclude that the 
exatabihties concerned in detemunmg the quantitative properties of the 
data are not the exatabihties of the primary rods and cones m the retma 
However different the mtrmsic basis of photic exatation may be m the 
several kmds of retmal elements, these differences cannot be characterized 
from the properties of the two branches of the flicker contour, and the photo- 
chemical kmetics of the primary exatation cannot be deduced from its 
shape 

This conclusion is amply reinforced by the fact that the shape constants 
for cone and rod parts m X and P differ, m the same manner as for other 
forms, yet for their quite dissimilar contours fi is identical It cannot be 
assumed that the chemistry of exatabihty is different, for either the rod 
population or the cone, m X and P Moreover, the shape constants are 
heritable, as the data on Fi prove, yet for rod and cone parts of the con- 
tour IS again the same Therefore, n is mdependent of the shape constants 
The general conception that the quantitative properties of data of visual 
performance are not detenmned at the penphery,®’ and consequently do 
not reflect quantitative properties of the primary receptors, is obviously 
supported by a number of additional facts not otherwise accounted for save 
by the use of vanous extra and very dubious assumptions Thus the result 
of induced vanations m the availabihty of vitamm A is to synchronously 
modify both rod and cone thresholds in the same direction the same is 

“ Crozier, W J , and Holwa> , A H , 1938-39, J Gen Physiol , 22, 341 
-* Haig, C , Hecht, S , and Patek, A J , Jr , Science, 1938, 87, 534 Hecht, S , and 
JIanddbaum, J , Science, 1938, 88, 219 Wald, G , Jeters, H , and Anmnio, J , Am 
J Physiol , 1938, 123, 732 
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true of changes m pressure of atmospheric oxygen “ At the same tune, 
retmal adaptation may occur without detectable change m concentration 
of visual purple,** supposedly the basis for the distmction between rod 
chemistry and that of cones** and so far as now Inown the only basis for 
the peripheral involvement of vit amin A m photic exatabihty “ 

The pomt has frequently been made that visual performance clearly 
mvolves penpheral as well as central factors This is obvious enough, but 
the problem at the moment is to deade (a) whether the specific properties 
of the data, the essential mvanant mdices of performance capaaty, are 
determmed peripherally or not, and (b) which (if any) of the measures of 
performabihty have any connection with hinetic chemical features of eiata 
bihty It IS to be noted that the form of the F log I contour is certainly not 
specific,” as shown by the fact that a probabihty mtegral m the log of the 
mdependent variable apphes to a great variety of dynamically mmllnr but 
otherwise unlike situations, moreover experimental tests of the three pa 
rameters show that they have concordant properties in these cases This 
formulation apphes where one deals with the contnbutions suimnated from 
many varying elements, and if suitable separate detemunations could be 
made of purely retmal and purely "central” phenomena they would pretty 
certainly be found to follow the same form of law as a function of mtensity 
Likewise, as other work has shown,** and as general considerations have 
mdicated to be likely,** the same formulation is defimtely applicable to 
vanous kinds of measures of visual performance For these reasons it is 
already improbable that the quantitative properties of the data will tell 
anythmg about the kmetics of specific types of penpheral exatation 
Decision as to the central or penpheral ongm of the quantitative properties 
of the data must depend upon the use of other cntena,” 

It rmght still be suggested that some sort of “lumtmg case” could be 
found m which, despite the passage of impulses from receptors to muscles 
mvolved in obtammg the data, we might have to do with a simple one to-one 
correspondence between eiated end-organ umts and central umts It is 
to be pointed out, however, that, m such a case, we would still have to deal 

” Cf McFariand, R. A and Evans, J N , 1939 Am J FhyjtoL, 127, 37 
” Granlt, R., / Pkyxml , 1938 M, 430 
"Hecht, S , PAjJicI Jtm , 1937 17, 239 
” Wald, G,J Gen Fbyswl, 1935-36 19, 351, 1937-38, 21, 795 
” Ftx. Nat Acad Sc^ 1937 23, 71 

** The interpretation of the time and intensity function and of photic adaptation, to 
be discussed elsewhere, 

Gen Fkyndi , 1935-36 19, 503 
‘‘Frac.Nat Acad Sc., 1936 22,412 1937,23,23,71 
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•With the fact that the units of the end result are not the same as those of the 
initial excitation We are stressmg the mescapable arcumstance that the 
umts mvolved are necessarily m terms of A£i/A/, where Ex is primary effect 
produced and I is mtensity (or other mdependent evokmg vanable) If 
the umts of end result R are AR/AI, then we have to recognize that if Ex 
IS m terms of impulses per umt time or somethmg of that sort then when 
we put 

AR/AI »= K AEi/Al 

and eliminate A7 we still must reckon with the complex dimensional con- 
stant K, and proof is required that it is mdependent of I and before we 
can argue for the direct interpretation of i? m terms of the mitiatmg mecha- 
nism of excitation 


■VI 

The shape constants (cr'ioe /), maxima, and absassae of inflection (t') 
for the i^'log Im curves differ markedly m the forms X and P The results 
already considered show empirically that n cannot be determmed by or cor- 
related with any of these parameters The evidence® mdicates that m H' 
and H” the shape constant for the rod part may be mhented mdependently 
of that for the cone part of the curve, and mdependently of changes in 
F„ax or r' F„at may also be specifically hentable, or may show modifica- 
tions In the hybnds, r' is increased This could be formally explamed 
as due to a lesser amount of exatable substance (or to a greater amount of 
an inhibitor) m all the elements of a set Changes m F^ax are clearly to 
be understood as due to alteration in the total number of elements of induced 
effect, this does not mean increased numbers of cells, but refers to the sort 
of mcrease in F„ax (without change of cr'i^g, i) which can be produced by 
shortemng the hght flash duration in the cycle — although this involves 
dimmution of r' It would be of some mterest in this connection to know 
whether n would be the same if the percentage hght time in the flash cycle 
were altered We are more concerned, however, with the hentably in- 
vanant shape constants (cr'xog. j) of the P-log I contours and their mde- 
pendence of fi 

The designation of hentable attnbutes of organic constitution has been 
based fundamentally upon the recognition of rather gross differences be- 
tween properties which behave as alternates m mhentance The tangle of 
hj-potheses and suppositions which has grown up about the attempt to 
s} stematize the analysis of less clear examples has added nothmg of an 
independent character to the theor>^ of the gene From this standpomt a 
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gene Is a label for the enbty which m an operational sense exhibits a par- 
ticular behavior in breeding experiments The elaboration of the evidence 
that m the germinal chromosomes there is found a mechanism which paral- 
lels m minute detail the behavior required of the basis of segregation, 
linkage, crossmg over, and spatial Interrelabonships of hentable units 
provides empmcally a physical eiplanabon of the assortment of the deter- 
minants of charactensbcs, but tells nothing as to the nature of their con 
troL Acbve reahzabon of the elementary fact that the mdlvidual mam 
festabon of orgamc properbes is achieved m the course of mdividual 
development has served only to sharpen the difBculty of theoretical ge 
nebcs On the one hand we have the numeneal results of breeding tests in 
which developed properbes are the markers which permit recogmtion of 
the distnbubon of hentable imits, on the other band we have the known 
behavior of chromosomal elements The temptabon has been msistent to 
account for the “nature” of a gene m terms of the physicochemical proper- 
bes which the size and rabonally presumed acbvibes of the chromosomal 
gene require The net result, as one finds it at the moment m the body of 
“physiological genebes,” is fauly to be characterized as a mass of cunously 
unconvmcmg assumpbons concerning the mvolvements of enzymes and 
unsatisfymg analogies with the physicochemical manrfestabons of reac 
bon rates 

Experiment has shown that there exist definite properbes of mdividual 
organisms which are quanbtatively reproducible, and hentable m a simple 
manner, but which could not be recognized at all by means of the customary 
and by now pracbcally stabc and crystallized methods of genebc mvestiga 
bon " The observable nature of several of these properbes mdicates the 
ongm of at least a part of the prevalent confusion m genetic theory Theu 
mvesbgabon plainly suggests the kind of procedure which may aid mate 
nally in putbng theorebcal considerabon of these matters upon a more 
producbve foundation The properbes concerned are typically those 
charactensbcs of mdividual organisms which are to be termed capaaties 
to exhibit parbcular modes of performance A capaaty for performance 
can be estimated only m terms of measured performance under defined 
conditions It is easy to demonstrate m an elementary way that the mdei 

® Crosier, W J , noH Pincus, G , 1929-30 J Gat fhysiol., 13, S7 Proc. 6th Inlemal 
Cong Gen , 1932 2,31 J Gtn Physiol 1936-37,20,111 The essential point has m 
certain features been realized by Hogbeo and others but not completely [cf Hogben, 

L , Nature and nurture, 1933 New York, W W Norton &. Co , and Dickson 11^ 
1939, Ann. Bet , S, n a, 113 
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of such a capacity can be obtained only by defining the relationship between 
measured performance and values of a controlled variable responsible for 
its manifestation Consider the situation descnbed by the curves in Fig 1, 
and espeaally at the nght hand side of this figure These portions of the 
curves are reproduced m Fig 4 Genetic analyses are usually, m fact 
almost exclusively, based upon the performance of mdividuals imder con- 
stant {i e , the same) conditions In the present instance this corresponds 
to testmg the flicker responsiveness oi X , P , and H" fishes, under fixed 



Fig 4 The upper end of the graphs m Fig 2, with dashed hues added to indicate 
the relationships which would appear if observations seeking to compare the responsive- 
ness of X , P , and Fi were to be made at constant conditions of F or of / 

conditions of temperature, of /t/G, and of antecedent dark adaptation, 
and of either flash mtensity or flash frequency (it bemg impracticable to 
measure the internal sensory disturbance at the threshold state for just 
detectable response when it is forced to appear) Since there is no a priori 
guide for the selection of any specific set of conditions we have a nght to 
compare, on the basis of the information in Fig 1, the results to be obtamed 
by selcctmg in turn a number of different conditions under which the com- 
panson is to be made If these in fact lead to contradictory results we 
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must conclude that this general method of companson la incapahle of lead 
mg to significant deductions 

Suppose we had chosen the companson imphed hy hne A m Fig 4 We 
would conclude that P and X clearly differ in the sense that P is flicker 
responsive, X not, and B", their Fi hybnds, would obviously be like A 
If instead we had happened to choose as workmg environment the condi 
tions signified by flash mtensity level 1, we would conclude that A responds 
at a lower flash frequency than P , and that the Fi hybnds B' are quanbta 
bvely like X , at flash intensity J, however, if we had happened to select this, 
and had at our disposal only the results at this level, we would be compelled 
to consider that X is typified by a higher critical F than P and that B’ 
is preasely like P , at position 2, or B, X and P would be found mdis- 
tmguishable but B’ either lower (m F,) or higher (/,) than either, depend 
mg on the entenon for ehatation of performance we chanced to he usmg 
It 13 dear that only by acquaintance with the whole curve can we hope to 
institute compansons between mdividuals which can be used for interpre 
tative analysis In this way alone can we avoid the confusion inescapable 
when arbitrarily fired conditions circumscribe the erhibibon of differences 
between individuals concerned in breedmg erpenments And a large and 
significant factor of uncertainty easts in any given case of whatever kind 
when the mvanance of the charactensbes mvolved with respect to develop- 
mental factors has not been demonstrated. Apart from this, unless the 
nature of such dependence has been establish^, we are left with mere 
markers of the existence of functional differences These markers, m gen 
eral, give no Informabon whatever as to the kmebc character of the 
processes from which they result 

In many cases the recognizable features of performance characteristics 
necessarily depend upon the mtegrated or at least collecbve acbons of a 
number of cells or other umts The summated acbons of these units 
mevitably exhibit properbes mvolvmg the distnbubon of contribubve 
capaabes among the umts present That this distrihubon is one of um 
fonmty is excessivdy unlikelj That it may be random or accordmg to 
some other fixed rule is to be decided from the data The problem then 
arises, how is it possible for an assemblage of umts to provide summated 
effects foUowmg a simple law which is physically interpretable? A full dis- 
cussion of this problem, would take us far from our immediate purpose, 
because the quesbon is deadedly a fundamental one for many kinds of 
measurements with biological systems It is msistent in connection with 
measurements of the relabon between temperature and "velooty'* of per 
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formance by cell aggregates —for example, respiration per umt time m ce. 
suspensions, or photosjmtbetic liberation of O2, or, m the present data, tb 
veloaties of processes govermng photic excitation 
Such relationships, when d)mamically simple so far as the properties 0 
the measurements reveal, must be taken to signify that the same controlhn] 
process is at work in each of the elementary umts concerned, the effect 
which it produces are randomly distnbuted, as if there were a random dis 
tnbution of amounts of the govemmg catalyst 
It thus becomes a matter of very considerable importance to obtau 
mstances m which there may be achieved a means of analytically separatmj 

TABLE m 

Mean cntical intensities for response at vanous flash frequenaes (ti h, 5°] 
for 17 Fj individuals (three observations on each of the 17 at all points) produced by 1 
Fi c? and 2 Fi 9 ? from X montezuma and P maculaiiis Log (miUilamberts) and 
log P E ij, are not distmguishable from values for F\ individuals (m Crozier, W J , and 
Wolf, E , J Gtn Physiol , 1938-39, 22, 463) See Fig 4 


per sec 

log/* 

logPEu, 

2 

6 4440 

8 7989 

3 

6 8193 

7 0022 

4 

5 1236 

7 5355 

5 

6 8298 

6 0777 

6 

4 6441 

6 9659 

8 

3 7317 

5 8985 

10 

2 7330 

3 2541 

15 

i 4043 

3 7954 

20 

i 6772 

3 9831 

30 

0 2616 

2 7479 

40 

1 2366 

i 4629 


the purely statistical parameters from those giving opportunity for kmetic 
characterization The present data supply an mstance Certam statis- 
tical parameters for rod and cone sections of the X and P curves (Fig 1) 
are speafic and determinate, as proved directly by the results of the breeding 
tests That these parameters (F„ct and o-'ioc /) ore essentially statistical is 
proved by the manner m which they are (nonspecifically) dependent upon 
retinal area and hght*^ time fraction in the flash cycle The abscissa of 
mflection (r'), however, is a simple function of temperature The descnp- 
tue constant m this relationship ( m ) is independent of P„ax and of <r'io* o 

« / G«j Physiol , 1937-38, 21, 223, 313, 463 
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and IS the same m 5' as in the parent stocks X and P Thus it must be 
concluded that, smce Fm* and o^iot i can follow one parent preosclj m the 
hybnd offspring, the purely statistical properties exhibited bj performance 



I03 Iin 

Fio. 5 The vanatlon of I\ is directly proportional to /• in the data on Ft individuals 
from X X P and the proportionahty constant Is the same as for Fi (see text), n — 3 
TT • 17 (t « , fifty-one readings at each point) 

capaaty may be inhented without the expression of a chemical difference 
m the mechanism governing the performance 

The crossmg of X and P undoubtedly bnngs mto play conditions well 
known to be mvolved m interspecific and uitergenenc crosses Onl> certam 
genetic combinations arc viable, and pccuhar conditions arise m the sex 
manifestations, so that frequently such hjbnds tend to breed true Thus 
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m our earlier expenment* backcrosses of Fi XX gave {H') animals pj 
a condition of the F-log I contour essentially like that of the 
Fi(— H") , the mmor differences (of t', and m the shape of the rod 
could be e:^»lained by differences of speaes in the X and P parental 
So also, several batches of Fz hybnds produced from 1 cf and 2 5 
gave data (Table m) not to be distmguished quantitatively froi 
for Fx at the same temperature, either m the values of or of th 
mdividual vanabihty Simple segregations are not necessarily to bt 
for, in general, m such matenal Color segregations were apparen 
expected way of 17 mdividuals, 11 were “gray” and 6 “gold ” A 
important, rather, is the stabihty of the descnptive constants mti 
as result of the crossing 


vn 

SUMMARY 

For the teleosts Xtphophorus moniezuitm, Plaiypoectltus maculali 
their Fx hybnds the temperature charactenstics {jx m Arrhenius’ eqi 
are the same for the shift of the low mtensity and the high intensi 
ments of the respective and different flicker response contours ( 
mtensity / as a function of flash frequency F, with light time fractic 
stant, at 50 per cent) The value of n is 12,500 calones or a ver 
less, over the range 12 5 to 36° This shows that 1/7 can be unde 
as a measure of exatabihty, with F fixed, and that the exatab] 
governed by the veloaty of a chemical process common to both the 
of elements represented m the duplex performance curve (rods and ( 

It IS accordingly illegitimate to assume that the different shapes of t 
and cone branches of the curves are determined by differences m the < 
cal mechanisms of exatabihty It is also forbidden to assume th, 
diffenng form constants for the homologous segments in the curves f( 
forms (X and P ) are the reflections of a difference in the chemical f 
of pnmary exatabihty These differences are determmed by stat 
factors of the distnbution of exatabilities among the elements irnpl 
in the sensor}^ effect vs intensity function, and are independent of ten 
ture and of the temperature charactenstic 

“ Genetic information about these fishes is referred to in summaries by Goi 
H B , Quart Rev Biol , 1929, 4, 82, and Goldschmidt, R , Quart Rev Biol , 1937, 1 
Koswig m particular has used “X monlezuma" and P maculatus {Z indukt A 
rrurgs- u Vererkmgs! , 1931, 69, 61), but these observations have been conceme 
sex and color factors 
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It must be concluded that the physicochemical nature of the eiatatory 
process cannot be deduced from the shape of the performance contour 
The form constants (o^io, ; and ) for F vs log I are speafically hent 

able m Fi, although ii is here the same as for X and P In an mtergenenc 
cross one cannot m general expect Mendehan simphaty of segregation m 
subsequent generations, and m the present case w e find that Pi mdividuals 
are mdistmguishable from Pi, both as regards P vs log I and as regards the 
vanabon of I mthm a group of 17 mdividuals The result m Pi defimtely 
shows, however, that certam specific statisbcal form constants for the 
P log I contour are transmissible m mhentance It is pomted out that 
there thus is provided an instance m which statisbcal (distnbubon) factors 
m performance charactensbcs mvolvmg the summabng properbes of 
assemblages of cellular umts are hentable m a simple manner without the 
imphcabon of detectable differences m chemical orgamxabon of the units 
mvolved. This has an important bearmg upon the logic of the theory of 
the gene 
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The conditions which control the transmission of fluids across the human 
epithehum are important m connection with the local mtroduction of sol 
uble substances In 1924 Rem (1) mvesbgatmg human shin by electro 
endosmosis concluded that the rate of flow toward the cathode was greater 
m distilled water than m any neutral salt solution The inhibition m 
creased with mcreased concentration and the specific effect of the cations 
was accordmg to the senes Al>Ca>Na>K. 

For some time it has been inown that under a given potential difference 
a simple relationship may exist between the vebaty of a particle relative 
to the hquid m which it is suspended and the volume of flow of the hquid 
stieammg through a membrane havmg the same chemical constitution as 
the surface of the particle Both the veloaty of migration and the volume 
of flow are proportional to the electroLmetlc potential existmg across the 
effective double layer This is particularly true for protem surfaces (2-3) 
and one would expect the results obtamed by electrophoresis to be compa- 
rable to those reported by electroendosmosis 

EXPERIMENTAL 

The Stratum comeum of the human skm was washed with water, ex- 
tracted with acetone, alcohol, and ether, dncd in a vacuum at body tem 
perature and powdered in a ball null The partides were suspended m 
0 1 M to 0 0001 M solutiona of the chlorides, bromides, and iodides of hthium, 
sodi um ^ potassium, and rubidium and the chlorides of calaum, banum, and 
alummum 

The Northrop-Kunitz microelectrophoresis cell was employed as before 
(4) for measuring T, the electrical mobility in p per second per volt per cm 

The clectrokinetic potential was calculated from the equation (5) 

4^V ^ 
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where tjo, D, and X represent respectively the coefl&cient of viscosity, the 
dielectric constant, and the field strength of the medium The assumption 
was made that the values of D and tjo as calculated for tl^e bulk of the liquid 
remained unchanged in the effective double layer 
The electrical charge per unit area which gives nse to the electrokmetic 
potential at the surface was determined from the relationship expressmg 
(T, the surface charge density as a function of the potential (6) 



where N is Avogadro’s number, D, the dielectric constant, K, Boltzmann’s 
constant, T, the absolute temperature, c, and c„ the concentration of the 
cations and amons in mo Is per hter, z, and z„ the valences of the cations and 
anions and a- has the same sign as J" 


DISCUSSION 

The results are expressed by curves which appear in Figs 1, 2, 3, and 4 

Fig 1 shows that the skin whose isoelectric pomt is pH 3 1 (4) assumes, 
as would be expected, a negative charge m distilled water In solutions of 
neutral um-umvalent salts (see also Figs 2 and 3) the electrokmetic poten- 
tials, which depend upon the charge of the particle and the thickness of its 
double layer, plotted agamst concentration produce curves with well de- 
fined maxima that are more characteristic of inert substances than for pro- 
tein materials (7) Usually the charge on pro tern surfaces is determmed 
by the hydrogen ion activity and dilute electrolytes influence the charging 
process only m so far as they are able to produce a change m the dissociation 
of H and OH ions On mert surfaces the charge is quite sensitive to small 
changes in electrolytic concentration, mcreasmg with mcreased concentra- 
tion untd a limiting value is reached and the mechanism mvolved appears 
to be tantamount to preferential adsorption Under both arcumstances 
mcreasmg salt concentrations ultimately decrease the f-potential by di- 
minishing the thickness of the effective double layer The f-C curves pro- 
duced by the skm particles m neutral solutions suggest that m addition to 
the charge inadent to the pH, a chargmg process sumlar to that which 
occurs for mert surfaces obtains 

The maxima are less defined for the di-univalent compounds while for 
correspondmg concentrations of the tn-umvalent salt there is a reduction 
of the electrokmetic potential to zero and subsequent sign reversal This 
is the usual effect of pol}walent ions of opposite sign upon protein surfaces 
and IS probably, m this instance, due to the combmed result of the prefer- 
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Fig 3 Alkali halides with common positive ions 



Fig 4 The electnc charge densit> of the skm surface in various salt solutions 
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ential adsorption of the cation and the change in hydrogen ion concentration 
inadent to the hydrolysis of the aluminum chloride 

The inhibitory effect of the cations is represented by the senes Al>Ca> 
Ba>K.>Na, which is essentially the same order as that obtamed by electro- 
endosmosis (1) The conclusions by Rem that the cndosmotic flow is 
greatest m distilled water and is diminished by the addition of salts can 
only be justified by considermg the concentrations used. Had more dilute 
solutions been employed and the matenal freed from tissue fluids the mdi 
cations are that the rate of flow would have been greatest for the um uni 
valent salts m concentrations between 0 0001 u and 0 0002 li, inasmuch as 
it foUows from theoretical considerations that any mcrease m the electro- 
kmetic potential will result in a correspondmg mcrease m electroendosmotic 
flow The al umin um salt m reversing the sign of the potential produces a 
pomt of no flow between the charge assumed m distilled water and the max- 
imum positive potential The alkah halides with common negative ions 
(Fig 2) affect the electrokmetic potential m the order Li>Na>K>Rb 
The apparent lomc speofiaty is not peculiar to skin alone since the same 
order is shown on such mert mterfaces as cellulose and glass (8-9) S imil ar 
salts with common positive ions exhibit the senes Cl>I>Br (Fig 3) m 
contrast to the order I>Br>Cl frequently observed on passive mterfaces 
(10) This seems to mdicate a selective adsorption of chlonde ions upon 
the akin surfaces which is comadent with the observation that the concen 
tration of chlondes per umt of water is normally high m this tissue (11) 

The char ge as well as the potential must be considered m any attempt to 
evaluate surface chemical phenomena. A rather simple curve is obtamed 
when the electric charge density is plotted against concentration On 
addition of traces of salts not reversmg the sign tr mcreases rapidly reachmg 
a limitin g value at approximately 0 01 il (Fig 4) The course is not 
characteristic smce it is given by a vanety of mert substances and appears 
to be mdependent of the ion or the nature of the surface (10) 

SUMMARY 

1 The electrophoretic activity of particles of human skin m distilled 
water and different concentrations of salt solutions has been studied 
The electrokmetic potential and the charge density were determmed and 
comparisons made with results obtamed by electroendosmosis 

2 The electrokmetic potential Is ultiraately decreased if suflSaent salt 
la added The order of mhibibon is Al>Ca>Ba>K>Na 
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3 The lyotrophic senes Li>Na>i:>Rb and Cl>I>Br express re- 
spectively the comparative effect of the monovalent cations and anions 
upon the electrokmetic potential of the skm 

4 Smce both electrophoresis and electroendosmosis are dependent upon 
the electrokmetic potential, it follows from the results obtamed, that the 
greatest rate of flow through the human skm under the force of an apphed 
electncal current would be given by concentrations of neutral salts between 
0 0001 M and 0 0002 m 
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Important changes are produced m the apparent mobihties and partition 
coeffiaents of inorgamc ions by applymg guaiacol to Nttella The calcula 
Lons indicate that guaiacol may marease apparent mobihties 3-/oId and 
partition coefficients more than SO-fold These effects are completely 
reversible.* 

The apparent mobihties were calculated, as eiplamed elsewhere,’ from 
the pj) between 0 01 u and 0 001 M for each salt. The results’ are given 
m Table I (column 3) 

The order of mobihties of the alkah metals follows that m water until we 
reach cesium.* In water the mobUity of Cs'*' eiceeds that of K+ but In 
Nttella It IS much less This is also true of Valonta' and of Balicystu* 

In these cases Cs+ acts hie Na* This seems to be the case also with 

* The expenments were made on Nttella ftaRiSt Ag , at 2C1-2S®C , uaiag the technique 
described m former papen (Hni,S E , and Oaterhout, W J V,/ Cm AAyjW , 1937-38, 
21, 541) The cells had the eame treatment aa described in the previoua paper on the 
eSecta of guaiacol Osterhout, W J V , / Gm Fhysiol , 1938-39, 22, 417) The 
concentration of guaiacol was in all cases 0 02 u. 

Like those discussed m the previous paper, these cells belonged to Lot B There 
was no evidence of injury in these experiments. 

The RbQ and CsQ were obtained from Theodor SchuchardL The re m aini ng salts 
were obtained from Kahlhainn 

’Osterhout, W J V , / Gen Physiol, 1938-39, 22, 417 In all cases the change 
was made from the dilute to the concentrated eolutian and vice versa, in the former ase 
the effect of action currents must be taken into account 

’ All mobihties are calculated by putting the mobihty of Cl or ep, equal to muty 
Calculated on this tv, sis the mobihties m water at 25*C are as foliows Li 0 5, Na 0 65, 
NHi0 96,K096 Rb 1 03 Cs 1 04 HllgOI 34 Ca 0 78 Ol 

* The behavior of cesium is excepUonal m respect to permeability m I alonia where 
Its rate of entrance is eiracdingly slow {cf Cooper W C Jr , Dortas, M J and Ostcr 
hout W J V,/ Gen Physiol 1928-29 12,427) 

‘ Cf Damon E, B / Goi. Physiol 1938-39, 22, 819 

•Cf Osterhout, W J V J Gen RAyriol , 1939-40, 23, S3 
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muscle and nerve If we arrange the ions m the order of their effect in 
produang negativity in mtella we have K, Rb > Na > Li > Cs (Table I, 
column 6) This does not differ much from the senes found m Valomn' 
and m Eahcystu,^ as well as m muscle and nerve 

According to Hober® the order in frog muscle is K > Rb > NH 4 > Cs 
> Mg > Na > Li For the saatic nerve of the frog® we have K > Rb > 
NH< > Cs > Na, Li For the nerve of the spider crab^° we have K > 
Rb > Cs 

It IS a sinking fact that these cells react so differently to pairs of ions, 
? g Na+ and R+, K.'*' and Cs+, Rb"^ and Cs+, which are chemically similar “ 
This deserves further study 

Of espeaal interest is the increase in apparent mobihties produced by 
^aiacol (Table I, next to the last column) As an example we may take 
’/Na which IS raised from 2 33 to 7 30 by the action of guaiacol The p d 
between 0 01 m and 0 001 m NaCl mcreases from 23 2 to 44 0 when guaiacol 
s apphed 

The question arises whether this is because the protoplasmic surface is 
icting more like a layer of guaiacol To answer this some guaiacol (previ- 
)usly shaken with 0 001 m NaCI) was placed m a U-tube with 0 001 ii 
SFaCl at one side and 0 01 m NaCl at the other On leading off from the 
iqueous solutions to a Compton electrometer we observed a potential of 
ibout 10 mv (dilute solution positive in the external arcuit) Hence if 
he protoplasmic surface acted hke guaiacol we should not expect a concen- 
ration effect of 44 mv With KCl the concentration effect with guaiacol 
vas about 15 mv 

The chemical effect, eg the P d between 0 01 m KCl and 0 01 u NaCl 
ircsents a different picture This chemical effect in Niiclla amounts to 
•4 mv which is reduced to 20 9 by the application of guaiacol With 
[uaiacol in the U-tube the corresponding value is about 14 mv Hence 

^ Damon, E B , / Gen Physiol , 1938-39, 22, 819 In Valoiita, uc like iw* is 
ss than rci 

8 Hober, R , Arch ges Physiol , 1905, 108, 599 See also Sco, T , Arch ges Physiol , 
924, 206, 485 

»Nctter, H , Arch ges Physiol , 1928, 218, 310 See also Wilbrandt, \V , J Gen 
Viysiol , 1936-37, 20, 519 

Cowan, S L , Proc Roy Soc London, Senes B, 1934, 116, 216 See also Wilbrandt, 

V , J Gen Physiol , 1936-37, 20, 519 

*^The chemical similarity is greater in the case of K'*' and Na+ than in the other 
imrs 

Cf Osterhout, W J V , / Gen Physiol , 1938-39, 22, 417 


W J V OSTEEHOtrr 


173 


m this respect the protoplasmic surface acts somewhat more hke guaiacol 
after guaiacol is apphed 

It 13 not surpnsmg that we are unable to predict the effects of guaiacol 
m the protoplasmic surface which is undoubtedly a mixture of substances 
poncemmg which our knowledge is very limited As might be expected, 
guaiacol does not affect all cells m the same way We find that Nttdla 
resembles Haltcyslts'^ m that the mobihty of Na+ is increased by guaiacol 
but that of K.+ is not affected In Valonta" the mobihty of Na+ is mcreased 
and that of K+ is decreased 

In addition to the alkali metals mentioned, NHj+j Mg++, and Ca++ were 
employed Regardmg NH<+ it may be said that its mobihty is only about 
half that of K+ although in water the two mobilities are nearly equal. We 
see that the mobihty of Mg^^’ and that of }4 Ca++ are greater than that of 
which IS not the case m water It seems probable that Mg++ and Ca++ 
do not obey veiy well the equations here used smce it is possible that they 
produce alterations m the surface 

Let us now consider the partition coeffiaent 5 (5 ■= concentration m the 
non aqueous protoplasmic surface layer + concentration m the external 
solution) This was dete rmin ed as previously eiplamed” by measurmg 
the p D of 0 01 M KQ agamst 0 01 u of each salt m turn The partitiou 
coeffiaent was calculated as follows In the case of NaQ, for example, we 
find by trial what value of Ssta + -^xa gtve the observed P n of 44 
mv employmg the mobDities already found, » e , tij ■■ 8 76 and Un, = 2 33 
We thus obtam a ” 0 0^63 This is done for each salt m turn 
The results are shown m Table I 

We can compare the partition coeffiaents before and after the apphcahon 
of guaiacol smce, as shown m a previous paper,“ the partition coeffiaent of 
KCl IS not changed by guaiacol '• The partition coeffiaents of the alkali 
metals mcrease as the lomc radius increases until we come to cesium which 
IS exceptional This mcrease is m line with the suggestions of Shedlovsky 
and Uhhg 

The apphcabon of guaiacol raises all the partition coeffiaents except 
those of KCl and RbCl (Table I, last column) Too httle is known about 
the theory of partition coeffiaents to make it desirable to comment on this 

“ Ojterhout, W J V , / Cm PkyHol, 1937-38 21, 707 

“ Osterhout, W J V / Cm Pkyiul , 1936-37, 20, 13 

I'To adcuktc the partition cocSiacnt in the presence of guaiacol we employ the 
mobfliUes found in the presence of guaiacol, " 7J0 instead of 2.33 The value 

of is not changed by guaiacol (see footnote 12) 

'• Shedlovilcy, T, and Uhlig, H. H., / Cm Phyxiel , 1933-34 17, S63 
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but it may be stated that the value of 5 for guaiacol in contact with aqueous 
solutions of NaCI and KCi is ver}’^ low^^ (about 0 001) 

Accordmg to the calculations the partition coefficient of hlgCl. is very 
low This might be expected on chemical as well as on biological grounds 
We might expect that of CaClj to be equally low this is not the case 


TABLE I 


P D’s and Partition Coefficients of Chlorides {MCI or MCh) "with and "mlhont GnaiaeoP 



Concentration eScett 

0 01 lira 0 001 It 

Chemical effeett 

MCI or MCUO 01 MM KQOOIu 

Value vrlth 
guaiacol 








t 


Value without 

MCIciMOj 

NoEuaracol 

With 0 02 u 
guaiacol 

No guaiacol 

With 0 02 M 
guaiacol 

guaiacol 




■I 



■?M 




Syti 


PJ) 

% 

B 

"if 

TO 


PJ> 


"m 


LlCl 

19 S 

2 04 

41 8 

5 S3 


0 0134 

48 6 


2 86 

9 7 

NaCl 

23 211 

2 33 

44 oil 

7 30 

Era 



0 426 

3 13 

16 2 

mil 

46 111 

8 76 

46 1|! 

8 76 

zero 

10 

aero 


1 0 

I 0 

RbCl^ 

46 0 

8 76 

46 0 

8 76 

zero 


zero 

1 0 

1 0 

1 0 

CsCl 

15 3 

1 72 

31 5 

3 38 

113 1 


23 7 


1 97 

62 1 

NHiCl 

35 0 

4 05 

38 4 

4 91 

94 7 


13 8 


1 23 

51 4 

MgChY* 

25 0 

20 7 

25 0 

20 7 



43 6 


1 0 

28 2 

CaCU** 

18 S 

7 52 

23 4 

14 46 

94 9 

lilB 

25 8 


1 92 

16 1 


* The number of observations was usually 8 or 10 and the probable error of the mean 


less than 7 per cent of the mean 

t The dilute solution is in all cases positive m the external circuit 
{ KCI IS in all cases negative in the external circuit 
§5k is the same with and without guaiacol 

jj Values taken from Osterhout, W J V , J Gen Physiol , 1938-39, 22, 417 
^ The p D ’s for the concentration eSect were the same within expenmental error 
** Here refers to H hig or Ca 


To what extent are these calculations valid? One way of testing this is 
to to predict the p n 's of various dilutions, eg of K.CI and NaCl, from 
the calculated values of ffu#; ■^xci This has been done with 

satisfactorj' results^® with NaCl, KCI, and NH<CI 
We mat’ also try to predict cheimcal effects For example, in the presen t 
paper, using the values (in absence of guaiacol) for the mobihties calculated 
from the concentration effects and for the partition coeffiaents calculated 


^•For guaiacolates it is higher {cf 0.tcrbout. W J V, Kamerhng, S E , and 
Stanley, W M , J Gen Physiol . 1933-34, 17, 469) It is higher for salicylates than 

^"’"t^iTil^publishedwork For published data see Osterhout, W J ^ 

1929 - 30 , 13 , 715, Osterhout, W J V , and Hiil, S E ,7 , 1938-^ 22, 139 
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from the observed P D ’s of 0 01 M NaCl vs 0 01 u KQ and of 0 01 M LiQ 
vs 0 01 u KCl we may predict the pji of 0 01 M LiQ vs 0 01 M NaCI The 
prediction is 8 7 mv and the observed value is 8 0 mv (NaCl negative to 
LiCl m the external orcrnt) For 0 01 u RbQ vs 0 01 u NaQ the predic- 
tion IS 94 mv and the observed value 102 (RbCl negative) ForOOliiCsCl 
vs 0 01 II NaQ the prediction is 11 0 mv and the observed value is 12 6 
mv (NaCl negative) When we are not dealing with alkah metals the 
prediction is somewhat less satisfactory 

The success of these predictions for the allcah metals and the fact that 
the mobihties and partition coeffiaents of the alkali metals as calculated in 
the present paper are reasonably m Ime with expectation indicate that the 
method of calculation may be trusted to a certain extent We must be 
on our guard, however, against secondary effects.'* 

If concentrations are too high or exposures too long such secondary effects 
may appear such effects are, of course, not predicted by these equations 
These secondary effects may be reversible up to a certain pomt beyond 
which they become irreversible. They doubtless mvolve structural altera 
tions,** and may be brought about by non-electrolytes as well as by elec- 
trolytes. 

We may therefore speak of primary effects and secondary effects By 
primary effects we mean those which involve no structural alteration of the 
protoplasmic surface If, for example, the potential of the protoplasm is 
largely due to an outwardly directed concentration gradient of potassium" 
we abolish the potential when we abolish the concentration gradient this 
we do by placmg the proper concentration of potassium outside." Here 
there is no need to assume any structural alteration of the surface 

A change m the chemical composition of the surface might conceivably 
occur without any structural change Possibly guaiacol produces this kind 
of alteration 

'* Such secondary effects are much more apt to occur with alkaline earths than with 
alkali metals. For a striking effect of calaum sec Bhnks, L. R. J Gen PhystoL, 1929-30 
13, 223 Blinks L. R. Rhodes R. D and hlcCallum, G A, Free. Nat Acad Sc , 
193S, il, 123 

It may be mentioned in this connection that the concentration effect of 0 01 N KQ 
+ 0 01 N CnCh w 0 001 n KCl -{- 0 001 N CaQj is decreased by guaiacol, contrary to 
the result obtained with other salt smgl> 

'• ty HOber R., Andcrah, M HCber, J , and Ncbd B , J Cell and Camp Pkynal^ 
1939, 13, 195 

" Osterhout W J V Btal Rec , 1931 6, 369 J Gen Physiol , 1934-35 IB, 215 

"Osterhont, W J V , and Harris, E. S J Gen Pkynal , 1927-28, 11, 391 
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The fact that both pnmaty and secondary effects may be inhibited to a 
certain extent by alkalme earths^ does not, of course, mean that they are 
identical It may sigmfy that alkahne earths decrease the solubihty m the 
protoplasmic surface of the vanous substances which depre^ the potential 
This view IS favored by the fact that it requires a very high concentration 
of alkalme earths to be effective and m Niiclla they fail to inhibit the de- 
pressing action of potassium when its concentration is raised to 01 m 

SUMMARY 

Values have been calculated for apparent mobihties and partition coef- 
fiaents m the outer non-aqueous layer of the protoplasm of Ntlclla 
Among the alkah metals (with the exception of cesium) the order of mobih- 
ties resembles that m water and the partition coe&aents (except for 
cesium) follow the rule of Shedlo\^ky and Uhhg, accordmg to which the 
partition coefBaent mcreases with the ionic radius 

Taking the mobihty of the chlonde ion as umty, we obtain the following 
hthium 2 04, sodium 2 33, potassium 8 76, rubidium 8 76, cesium 1 72, 
ammonium 4 05, M magnesium 20 7, and calaum 7 52 

After exposure to guaiacol these values become hthium 5 83, sodium 7 30, 
potassium 8 76, rubidium 8 76, cesium 3 38, ammomum 4 91, magnesium 
20 7, and M calaum 14 46 

The partition coeffiaents of the chlondes are as follows, when that of 
potassium chloride is taken as unity lithium 0 0133, sodium 0 0263, 
rubidium 1 0, cesium 0 0152, ammomum 0 0182, magnesium 0 0017, and 
calaum 0 02 

These are raised by guaiacol to the followmg lithium 0 149, sodium 0 426, 
rubidium 1 0, cesium 0 82, ammomum 0 935, magnesium 0 0263, and cal- 
aum 0 323 (that of potassimn is not changed) 

The effect of guaiacol on the mobilities of the sodium and potassium ions 
resembles that seen in HahcysHs but differs from that found in Valonta 
where guaiacol increases the mobihty of the sodium ion but decreases that 
of the potassium ion 

Hober, R , Arch gcs Physiol , 1905, 106, 599 See also Osterhout, W J V , and 
Hill, S E , / Get: Physiol , 1938-39, 22, 139 

Osterhout, W J V , and Hill, S E,J Gen Physiol , 1938-39, 22, 139 
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By ERICH PETERS, M.D, AND GEORGE SASLOW Pn.D 
(From Ibo Boston Lying In UospUal The Department of Obstetrics The Earoard lledical 
Sckooi, and the Department of Physiology, The Earoard School of 
Public Eealth, Boston) 

(Received for publicetion, June 30, 1939) 

E3q)enence with several types of osmometer for the measurement of 
“coUoid” osmotic pressure of serum and sunilar flmds has led us to the con 
elusion that an apparatus based upon the prmaplcs of Van Campen (1) 
but adapted to volumes of about 1 cc would be nearly ideal for the purpose 
Such an apparatus appears to have been designed by Hepp (2) That the 
apparatus yields correct values was not demonstrated by him The im 
portance of such demonstration is evident from the recent paper of Zozaya 
(3) in which it is inferred that practically all published values for the colloid 
osmotic pressure of human serum are about 1(X) per cent too high 
The measurements tabulated below show that the mstrument is accurate 
as well as precise, rapid, and convement m use To them we have added 
amphheatjon of Hepp’s description of certam aspects of its assembly and 
operation 

Acasraey 

The instrument was standardised with a solution of horse serum albumin 
given us by Dr T F ifcMeekm, Department of Physical Chemistry, 
Harvard Medical School In water solution, the once crystallized and 
dialyzed preparation gave no color with Nessler s reagent and contamed 0 4 
per cent carbohydrate by the orcem test, an amount correspondmg to 4 
per cent globulin To the stock aqueous solution were added the calculated 

0 8 

amounts of kHiPOi and NaiHFOi 2HiO to produce a solution — M 

NaiHPOi + ^ u KH 1 PO 4 , pH 7 4 The albumm content of the stock was 

8 27 gm per 100 cc solution as detemimed b) micro-Kjeldahl The 

0 8 0 2 

stock solution was diluted with phosphate buffer — u Na HPOi + — 

u KH1PO4 (pH 7 4 by phenol red), and the albumm concentration of each 
dilution estimated from dupheate micro-Kjeldahl determinations, the N 
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content of the albumin bemg taken as 15 8 per cent (McMeekm) The 
stock solution was kept at approxunately 4°C m a bottle con taming also 
a test tube partly filled with toluol Dilutions of the stock, smiilarly kept, 
appeared to be stable for at least 2 weeks 

The osmotic pressure of the diluted albumm solution was determmed 
usually against its own ultrafiltrate, produced m the osmometer m about 
20 mmutes The free membrane area utilized was usually 45 mm m 
diameter Nearly all measurements were made with one of Hepp’s mstru- 
ments, shghtly modified from that described m his 1936 paper, the modifica- 
tion consists in utilizmg suction on the capillary throughout the entire pro- 
cedure mstead of suction to fill the capillary followed by pressure on the 
protem solution when the final measurement is made ^ All measurements 
were made at 25 db 0 5°C 

From the observed osmotic pressures, the molecular weight of the horse 
serum albumin was computed The accepted mean value is 72,000 ± 3,000 
(Adair and Robmson (4) , Burk (5)) 

Two modes of computation were used (Adair and Robmson (4)) In the 
first, the ratio cjp {c = albumm concentration m grams per 100 cc of solu- 
tion, and p = observed osmotic pressure m millimeters of water) was plotted 
agamst c for c = 0 713 to c = 5 12, the plot, which was to the same scale 
as Adair and Robmson’s Fig 1 , yielded a straight hue Extrapolation of the 
hne to c = 0 gave cjp at infimte dilution equal to 0 0290 The molecular 
weight of the albumm preparation was then calculated from M ~ 10 RT 
[c/p], where RT = (22 414) (760) (13 6) (298/273) and [c/p] = at c = 0 

Hence M = 73,400 

The second method of computation permits the calculation of a value 
of M for each pair of values of p and c This is possible by utilization of the 
empincal coeffiaent 4> which represents the sum of the osmotic effects due 
to the ion pressure difference, volume of the protem hydrate, and deviations 
from the laws of ideal solutions m the formula M — \0<f) RT c/p Values of 
(p based upon numerous determmations on several albumm preparations of 

cand p at 0° may be calculated from = - - , where K = 0 064 (Adair 

and Robmson (4)) Utilization of these values of ^ presupposes that M is 
constant at c = 0 255 to 5 12 and that our pairs of values of c/p and c 
may be considered part of the population of values from which Fig 1 of 

» An instrument smular to this modificaUon of Hepp’s onginal device was made for 
one of us (G S ) in the machme shop of the Harvard Medical School and functions 

as well 
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Adair and Robinson^s (4) paper is drawn The values of c, c/p^ </>, and 
M for our sample of albumin are shown m Table L 

TABLE I 


Ccmpulation of M from Observed Osm^c Presiun^ 


e 

P 


* 

if 

gmJIOO ec, $tluUfn 

MH, EtO 




0 255 

10 


1 015 

65 500 


8 



81 800 

0 267 

11 


1 02 

62 700 


9 



76 600 

0 510 

21 


1 03 

63 300 


20 



67 200 

0 534 

19 


1 (M 

73 600 


18 



77,600 

0 713 

26 

0 0280 

1 05 

72 800 


26 

0 0280 


72 800 

1 02 

37 

0 0276 

1 07 

74 500 


38 

0 0269 


72 500 


37 

0 0276 


74 500 


39 

0 0265 


70 600 

1 07 

41 

0 0261 

1 07 

70 600 


41 

0 0261 


70 600 


41 

0 0261 


70 600t 


41 

0 0261 


70 600J 


41 

0 0261 


70 6Cf0t 

1 97 

79 

0 0249 

1 15 

72 500 


80 

0 024$ 


71 600 

3 12 

139 

0 0224 

1 25 

70 700 


137 

0 0227 


71 800 

4 07 

202 

0 0202 

1 35 

68 800 


201 

0 0203 


69 200 


205 

0 0199 


67 800t 


194 

0 0310 


71 700t 

5 12 

271 

0 0189 

1 49 

71 300t 


268 

0 0193 


72 OOOf 


272 

0 0189 


71 OOOt 


* AH solutioiu mcftsured against their own ultrafiltrates and with membrane area 
45 mm. in diameter except as noted otherwise, 
t Pbo^hate buffer in capillary 

X Phosphate buffer in capillary and membrane area 30 mm in diameter 


From Table I we may draw the following conclusions 
1 The Hepp osmometer yields as accurate results down to c »* 0 713 
gm per 100 cc. as the standard Instrument of Adair and Robinson (4) 
At smaller values of c, the scatter in value of M mcrcases noticeably This 
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ot surpnsing since a correction for capillarity has to be made We have 
mated the capillarity at the end of each measurement by taking the 
rage of the height to which the column nses and to which it falls m the 
diary Values so obtamed ranged from 21 to 23 mm H 5 O for albumin 
ition ultrafiltrates, and from 24 to 27 mm HjO for phosphate buffer in 
capillary CapiUanty corrections so measured are of course not entirely 
sfactory and constitute the chief absolute uncertainty of the method 
uracy and preasion of the mstrument at pressures less than 25 mm 
> could be attained by attachmg to the capdlary a U-tube capillary 
mm ) manometer, by means of a ground joint 
The values obtamed are the same whether the capdlary contams true 
afiltrate or phosphate buffer Hepp ( 2 ) showed that the capillary 
d con tarn distilled water, Rmger's, or 4X Rmger’s as well as true ultra- 
ate m measurements of osmotic pressure of serum 
The same values are obtamed with the 30 mm diameter membrane 
vhich case 0 7 cc gives a layer 1 mm deep) as with the 45 mm diameter 
ibrane (m which case approximately 1 5 cc are required to give a layer 
n deep) 

Attainment of Equilibrium 

he speed with which equihbnum is approached is shown by the foUowmg 
:riment With 0 9 per cent NaCl m the capillary and the total suction 
led to the capillary about 130 mm HjO, a sample of approximately 6 
cent acaaa m 0 9 per cent NaCl was placed m the osmometer Read- 
were taken of the suction necessary to keep the meniscus in the capii- 
at a given mark on the ocular rmcrometer scale (magnification 60 X) 
readmgs are given m mm HjO after the times in minutes 2, 136, 4, 

6 , 155, 8, 172, 10, 188, 12, 200, 15, 215, 20, 232, 25, 242, 30, 250, 35, 
115, 261 Other samples of the same lot of acacia m NaCl (lot 3) had 
Hold osmotic pressure of 250 to 260 mm HiO at 20°C when measure- 
ts were made in the Krogh osmometer (cellophane No 600 membranes) 
periods of 24 to 72 hours ( 6 ) 

le manometer readmgs often become steady withm 5 to 15 minutes, 
le ultrafiltrate is used and if it is possible (as when doing a determma- 
m duphcate) to apply to the capillary column a sucUon approximately 
I to the expected osmotic pressure before the protein solution is placed 
>e osmometer Steady readings remam so for at least 4 hours 
practicable time schedule of measurements for determinations in 
icate would then be 20, 30, and 60 minutes for the first sample, and 
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20 and 40 minutes for the second Should the readings not be steady, 
additional ones 'would have to be made at IS or 20 imnute mtervals Most 
of the data recorded m Table I are based on measurements made at 20, 30, 
45, 60, and 90 mmutes 

Membrane Maiertal 

It 13 possible to use cellophane No 450 and No 600 m this type of osmom 
cter but these materials are not satisfactory They are so dense that a 
OJ mm. capillary with a capUlanty correction of the order of 90 mm HiO 
must be employed They are so thin that difficulty m securmg a perfectly 
flat membrane is not infrequenL Finally, they are not necessarily uniform 
m properties and may give entirely inaccurate results For example, Wies 
and Peters (7) report a large senes of measurements on dduted and undiluted 
human sera -with the Krogh osmometer, m these, all of the No 600 cello- 
phane discs used were cut out of a smgle sheet 1 meter square The data 
show that m a number of instances a serum could be dduted 50 per cent 
while its osmotic pressure fell only 10 to 14 per cent or not at all, yet all 
detemunatlons were made m dupheate. 

We ha've tned reduemg the density of cellophane by swellmg cellophane 
No 300 m 64 per cent zme chlonde as suggested by McBam and Stuewer 
(8), but could not produce membranes free of large -wnnldes 
Collodion membranes suitable for protem concentration ■work were en- 
tirely too slow 

Elford membranes of average pore diameter 6 m/i ■were tried They give 
the same results as the Tlsigmondy filters but can be used only a few times 
Entirely suitable membranes are the Zsigmondy cellulose filters^ We 
have used the “ultrafine medium” and “ultrafine fine” filters as 6 cm discs 
The average life of these membranes with frequent use (four to eight mea- 
surements a day) at room temperature under pressures of the order of 30 
cm. HjO 15 2 months They keep well m 1 per cent HCl or in distilled 
water, unbuffered Rmger’s, or NaQ solution to which a few ojatals of 
thymol or 1 cc formabn per 100 cc solution have been added Thej maj 
be removed from the osmometer to one of these solutions between runs 
It IS advisable to use the membrane same side up all the time Care should 
be taken that a membrane used with u/15 phosphate solutions is adequately 
washed -with distilled water before use -with calaum-containmg solutions, 
for deposits of calaum phosphate render the membrane erratic and are 
difficult to remove completely with dilute HCL 

* Obtainable from Pfalta and Bauer, Inc , Empire State Building New York City 
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Testing Ute Membrane 

Tiie ultrafine fine filters can be purchased protem-tight The “medium" 
filters, which are appreaably faster and which were used for all the measure- 
ments m Table I, can be purchased tested for impermeabihty to benzo- 
purpurm In any case, a given filter can be exammed for protein-tightness 
m the osmometer by ultrafiltermg some serum or serum albumin solution 
mto the capillary and carrymg out a Heller’s or smiilar test on the capillary 
contents 

For standardization of the membrane a calculation of the molecular 
weight of a satisfactory preparation of horse serum albumin from the ob- 
served osmotic pressure of a smgle solution havmg c equal to any value from 
1 to 5 gm per 100 cc would seem satisfactory The values of based upon 
Adair and Robinson’s (4) measurements at 0°C are evidently applicable 
to room temperatures, hence it appears unnecessary to determme M by the 
extrapolation method Commeraal samples of horse serum albumm 
appear not to be available 

Our expenence is that it is unsafe to use any membrane which has not 
been standardized, and that standardization is agam desirable whenever 
the behavior of a given membrane appears to be erratic Occasionally 
membranes are unusable when received 


Apparatus Part^ 


The glass plate we have used is 6 cm m diameter and mm thick, it is bored 
centrally for a capillary tube of outer bore 10 mm , lumen 0 90 to 0 95 mm , and overall 
length 20 cm The joint between capillary and glass plate is a tapered ground joint, 
the end of the capillary and the surface of the glass plate are ground together so that 
both lie in the same plane 

The middle and top pieces of the osmometer are made of Incite No washers are 
used m the osmometer proper 

The material placed imder the membrane and directly on the glass plate is a disc of 
silk boltmg cloth No 20 or No 25 Standard ^ If the disc is not slightly smaller than 
the opening in the middle piece of the osmometer, tight sealing of the membrane will be 
impossible Used discs last for months in water, saline, or Ringer’s containing thymol 
The new cloth as received may be greasy and is satisfactorily cleaned with Dreft in 
lukewarm water 

The metal collar is hollowed out to serve as a water jacket so that all observations 
mav be made at one temperature Correction by computation of measurements made 
at vanous temperatures to any one reference temperature is entirely unreliable for such 
fluids as serum (Hepp (9)) Temperature control to ±0 5°C is satisfactory The 
capillary should also be provided with a water jacket 


^ Refers to apparatus made at the Harvard Medical School and covers only details 


lackmg m Hepp’s (2) paper 

^ Obtainable from Tobler, Ernst & Traber, Inc , 


71 Murray Street, New York City 
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Smooth chaDges in the suction applied to the capillary are achieved by inserting 
one or two 20 cm- lengths of 0.2 to 03 mm. glass capQlary into the rubber tubing con- 
nectmg levelling bulb with manometer and manometer with osmometer capillary 

The levdling bulb is moved on a sprocket and chain arrangement by a geared wheel 
at table levd. The bulb may conveniently be raised or lowered less tKnn a mllhmetcr 
at a time. 


Operaitot^ 

The fixed part of the metal collar is turned upside down on a swivel support by rota 
tion through 180® 

A disc of bolting cloth wet with the appropriate solution Is j^aced on the ground 
surface of the ^ass plate made a pencilled guide circle. The membrane, previously 
soaked in the appropriate solution, is placed on top of the cloth. Its top surface is 
carefully dried with a sheet of hard filter paper 

The middle piece of the osmometer is placed on the glass plate. Both parts with the 
included membrane are inverted and set Into the metal collar A circulai rubber washer 
about 2 mm. thick is placed on top of the gift** plate the thin separate plate of the metal 
collar on top of the washer then the two parts of the collar are approximated by imiform 
tightening of four bolts. 

The osmometer Is rotated through 180* to its final position. The solution to be 
filtered through the membrane Into the capDlary Is placed on top of the membrane. A 
layer 1 mm. thick Is sufficient. One may suck Ringer s solution, a true ultrafiltrate 
of the protem solution to be studied, or first Rhiger^s, then 1 or 2 cm ofXrue ultrafiltrate 
mto the capillary 

The capQlary Is now Inserted into the hole in the glass plate. No labricant is used 
on this jomt A steel spring on the separate plate of the metal collar bolds the capOlarv 
firmly b place. 

The top piece of the osmometer is set b place It serves as a cover which permits 
contact with air yet reduces evaporation. 

The right hand end of the capillary is connected to the manometer Sufficient sue 
tion 18 applied to half fill the capillary with Ringer^s, phosphate buffer, or ultrafiltrate 
at a slow steady rate so that 15 to 20 minutes will be required. 

The solution m the osmometer u removed end the membrane carefully dried with 
pieces of filter paper until it appears dry to inspection and the column m the capillary 
begins to move toward the osmometer as a result of evaporation through the membrane. 

The protein or colloid solution should then be placed m the osmometer It may be 
covered with oil although m the time required for the usual measurement the evaporation 
taking place does XKit influence the result 

A convenient mark on the scale of the readbg microscope is quickly selected and the 
previously apphed suction reduced or increased to keep the meniscus of the capillary 
column at the mark. In 15 to 30 minutes the meniscus becomes steady and measure- 
ment may be begun. 

\Vbcn the free area of membrane used fa 45 mm. m diameter it wQl be found that If 
the apphed suction be bcrcased then reduced more than 1 mm from its apparent 
equilibrium value, there will be produced a considerable movement of the meniscus of 
the caplUarv column, first m one direction then m the other The osmotic pressure 
may be thus ddimited withb the range i 1 mm. about the apparent equiUbnum value. 
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Detennination of the pressure by such a direct reading method may then be repeated m 
30 minutes or less and will give a result within 5 per cent of the tihe equilibrium value 
as determined by mterpolation 

WTien the free area of membrane used is 30 mm in diameter, the direct readmg 
method of locatmg the osmotic pressure can be used but it is considerably more tedious 
than with the larger membrane area unless the magnification used m the reading micro- 
scope IS increased to 60 X The instrument can stand this mcrease m magnification 
It IS preferable, given the 30 mm area and 40 X magnification, to determine the equihb- 
num pressure by mterpolation to 0 filtration rate from measurements of filtration rate 
at apphed suctions d= 15 to 25 mm about the apparent equihbnum value 

The desired suction is apphed and after 30 seconds to 2 mmutes the position of the 
memscus is read on the microscope scale, then the position is read at 1 minute inten'als 
for 2 to 6 minutes Now the desired suction in the opposite direction from the apparent 
equihbnum value is apphed and the readings taken as above A little practice enables 
one to obtam fairly uniform filtration rates, only such rates are used in the plot A 
plot is made of filtration rate m divisions per minute against apphed suction and the 
suction correspondmg to 0 filtration rate read off the resultmg hne 

Corrections 

These are the depth of the layer of solution on the membrane (1 mm or 
more), the distance from the membrane to the lumen of the horizontal hmb 
of the capillary (20-21 mm ), and the capiUanty correction for the fluid 
actually m the capillary 


SUMMARY 

Estimation of the molecular weight of horse serum albumin from the 
osmotic pressure of solutions containmg 0 713 to 5 12 gm per 100 cc shows 
that the Hepp osmometer yields the same values as the standard simple 
osmometer of Adair 

Accuracy and preasion of the instrument decrease noticeably at concen- 
trations of albumm less than 0 7 gm per 100 cc 
A determmation m duplicate can be earned out wnth this instrument m 
less than 2 hours 

The instrument is easily operated 
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STUDIES CONCERNING THE NATURE OF THE SECRETORY 
ACTIVITY OF THE ISOLATED RINGER PERFUSED 
FROG LIVER 
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Bv RUDOLF HOBER 
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(Received for publiaitlon, July 24, 1939) 

INTRODUCTION 

In previous erpenments (H8ber and Titajew (1)) it has been shown that 
the secretory power of the isolated Ringer perfused frog hver with respect 
to dyestuffs is exceedingly great It surpasses by far that of the sahvary 
gland of mammals and it is also markedly greater than that of the frog 
kidney, estimated from concentrations m the unne Often, the concen- 
tration of dye appearmg in the gallbladder cannula reaches a level several 
hundred times, sometimes even more than a thousand times, higher than 
in the perfusing solution This has been observed with specimens of 
monoazo-, tiiphenylmethane , azme- and oxazme-dyestuffs In eipen- 
ments on the isolated Rmger perfused frog kidney one rarely observes a 
concentration stronger than 60 tunes However, it has to be kept m rrund 
that here the higher concentration of dyestuff is the result of the compound 
activity of the different parts of the nephrons On one hand, the secre- 
tory power of the proximal tubules raises the concentration and on the 
other, the primary product of this tubular activity becomes more or less 
dduted accordmg to the amount of added glomerular filtration There 
fore, it might appear questionable, whether, da facto, the concentrating 
power of the secretory elements of the kidney is inferior to that of the liver, 
and, mdeed the microscopical picture of the tubules of the aglomerular 
kidney of the toadfish, that has been mjected with certam dyestuffs, re 
veals a surpnsmgly intense coloration of the lumina, which seems to be 
mdicatrve of a very high concentration (HOber (2)) In other respects the 
superiority of the secretory power of the isolated liver is beyond question 
From previous and recent studies we know about 80 dyestuffs, which are 

• It Is a great pleasure to acknowledge the support to this rork from the Fenrose 
Fund of the Am^can Philosophical Society 
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higHy concentrated by the bver, 33 of wbicb fail to pass the tubular walls 
of the Ringer-perfused kidney Besides those 80 dyestuffs secreted by the 
liver we have encountered 16 other dyes, which cannot pass this gland 
Of these 16 dyes, 11 are highly colloidal, 2 of them are parbcularly highly 
hpoid-soluble and, evidently, owing to this property, they are retamed m 
the hver fat 

Now, on the basis of these prehimnary observations, we have tned to 
mvestigate the un k nown mechanism of secretory activity of the hver, (1) 
by supplymg the hver with mixtures of pairs of dyestuffs, m order to learn 
whether and for what reason one dyestuff may undergo preferential trans- 
port before the other, (2) by determimng whether by the presence of ad- 
ditional substances the active secretion could be either enhanced or dmun- 
ished m a reversible manner, and (3) by studymg, whether, apart from the 
dyestuffs, other substances are equally smtable for secretory accumulation 
m the bde. 


Method 

This and the following paper include earlier and more recent work In the earlier 
work Raiia iemporana was used, in the recent R ptpteits Differences in the behavior 
of these two speaes have not been remarked The operative procedure has lately been 
descnbed by Haywood and Hober (3) 0 0005 per cent of dyestuff was added to the 

perfusion fluid When a mixture of two dyes was perfused, each concentration was 
detemuned with an approximate accuracy by employmg a Walpole comparator The 
mixtures were composed of red (or orange) and blue dyestuffs In about 200 experi- 
ments 16 red and 5 blue dyestuffs have been compared with each other 

EXPERIMENTS 

When the hver was perfused with a mixture of two dyestuffs, m general, 
the dyestuffs reappeared m the secretion m a ratio more or less different 
from that m the perfusion flmd In the majonty of our experiments, both 
dyes became strongly concentrated by the survivmg gland In Table I 
a few of our experiments are summarized Usually the experiments were 
divided mto three penods (I, 11, m), each of them running over 1 to 3 
hours The numbers in the table mdicate the dyestuff concentrations in 
relation to the onginal concentration (concentration ratios) 

In the first slx of the reported experiments the concentration of one dye- 
stuff prevailed throughout the experiment over that of the other In a 
smaller group of experiments, two examples of which are showm (VET, 
Vm), the mitial concentration difference disappeared later In a third 
smaller group (see IX and X) the initial concentration ratio was reversed 
Not only m experiments like those mentioned, but also when the liver 
was supphed with one dyestuff only, the concentration effected by the hver 
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vaned a great deal from one expemnent to the other (Hober and Titajew 
(1)) However, in the first penods of our experiments with mixtures, the 
relationship between the concentmtions of the dyestuffs showed a high de- 
gree of regulanty, e g , from a mixture of orange R and enocyamn A with- 

XABLE 1 


Expenmenis Skomrtg the Dtfertnttal StacHon of Pairs of Dyestuffs 




CoaecBtntloo 

ratio 


Drtstaff 

Ccncfnta 

nBo 

tioo 


n 

E3 

I 

n 

m 

I 

PonceAu 2R 

m 

175 



vn 

Ervthrine P 

O 

165 




Cjinol 

15 

21 

— 


Cyanol 

IS 

165 

— 

n 

Patent blue V 



EE 

vm 

Edoglandn A 


600 

165 


Phenol red 


19 



Axofnchdn I 


600 

165 

ni 

Palathe acariet A 

Iffil 

660 

m 

DC 

Eriocyanin A 



82 



48 

165 

is 


AzofnehsinI 

125 

1000 

165 

IV 

Eilo^acm A 

100 

330 


X 

TnrUj^ farming 

165 

140 

40 


Erythrfne P 

12 

40 

— 


Erythrine P 


140 


V 

Patent Uae V 

332 

ESI 

440 







Acid fuchsia 

40 

is 

26 






VI 

Rodadoline 2G 

3200 

2000 

252 







Eriocyanin A 

192 

120 








TABLE n 


Relative Speed of Dyestuff Pauage through the Lroer 


I 

TropeoUne 000/2 orange R poncean 2R, palatine acariet A orange GT rosin 
doline 2G 

n 

Patent blue V 

in 

Roaindnlme 2B 

IV 

Erlo^ndn A 

V 

Brim&nt orange RN 

VI 

Eoocyanin A 

vn 

Axofuchsln GN 

vm 

Indigo carmine 

DC 

Phenol red, orange 0 brilliant croceln 3B uofochrin I erythrine P aiofocb- 
rinlV 

X 

Cyanol 

XI 

Add fuchsln axofuchsln S 


out exception orange R was concentrated more than azofuchsln I, rosm 
duhne 2G more mdigo carmme, and so on The results of these 
comparisons are summarized in Table H 

Still another kmd of effect has been observed, which seems to be of par 
ticular interest. The accumulation of a certam dye may be suppressed 
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largely or completely by the addition to the perfusion fluid of a second 
dyestuff, which itself may be strongly concentrated For instance, Table 
m shows the results (1) of four experiments ia-d), which have been per- 
formed sunultaneously with the hvers of four frogs of the same size, and 
(2) of two corresponding experiments {a and h) on two hvers 
Obviously, the secretion of mdigo carmme is suppressed by orange GT 
and orange R, but not by azofuchsm I, and the secretion of phenol red is 
suppressed by enocyanm A In our experiences, those dyestuffs m par- 
ticular, which belong to group I m Table 11, are apt to prevent the con- 
centration of a second dyestuff 


TABLE m 


The Blocking of the Secretion of One Dyestuff by Another 



Concentration ratio 

Dyestuff 




I 

n 

m 

a Indigo carmine 


240 

500 

h Orange GT 


500 

395 

Indigo carmme 


0 

0 

c Orange R 


500 

1000 

Indigo carmme 


30 

0 

d Azofuchsm I 


125 

167 

Indigo carmme 


250 

330 

a Phenol red 

80 

90 

30 

b Enocyanm A 

80 

100 

24 

Phenol red 

10 

8 

0 


DISCUSSION 

Separation of two dyestuffs by glandular activity has been observed 
previously Liang (4) has shown that two dyestuffs, eg phenol red and 
cyanol, perfused together through the frog kidney from the renal portal 
vein, are quantitatively separated, only phenol red appearing in the unne, 
unless the pressure in the portal vein is raised so much that the perfusion 
fluid enters the glomeruh The simple interpretation is that cyanol as 
well as phenol red passes the glomerular filter, whereas phenol red alone 
traverses the tubular vail and becomes concentrated (Hober (5)) When 
the mtact frog is injected vnth phenol red-cj^anol, at first phenol red pre- 
vails in the urme, but later — comparable to the situation in expenments 
IX and X (Table I)— cyanol predominates (Steffanutti (6)) The chief 
reason is that, in the beginmng, concentrated phenol red and filtered cyanol 
the unne, while, after the major part of phenol red has been eliminated 
from the body, the cyanol becomes predommant However, these results 
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witli the Iddney are not analogous to those described for the hver, since, 
probably, in the hver the separation is not brought about by the activity 
of different structural units, hie glomenih and tubules, but is somehow 
attnbutable to special unknown differentiating capacities of the smgle 
hver ceU. Possibly similar capaaties could be proved to enst m the 
tubular epitheha by providmg them from the portal vem with a mixture 
of dyestuffs, each of which could be secreted However, experiments of 
this kmd have not yet been performed 

Now, it 13 important to know, why one dyestuff appears earlier or more 
abundantly in the hver secretion than another Certainly, this question 
touches on the fundamentals of selective absorption and secretion, which 
doubtless are complex phenomena The experiments described above are 
suggestive m considering, whether the first step of absorption and secre 
tion, namely the entrance of the substances m question, may be correlated 
with some simple physicochemical properties such as diffusibillty, lipoid 
solubihty, adsorbabUity 

The dlffusibihty of our dyestuffs was studied by placmg m test tubes S 
cc of 0 1 per cent solutions of dyestuffs above 10 cc. of a gel of either S 
per cent or 10 per cent gelatm or of 3 per cent agar and by observmg for 
several days the migration of the dyes into the gels The result was that 
the concentration ratios of one dyestuff in a mixture to the other in the 
first period of secretion (Table H) are by no means related to the order of 
the diffusion rates, e g m gelatm patent blue V > cyanol > sad fuchsm, 
enocyatun A > mdigo canmne > erythnne P > ponceau 2R > azo 
fuchsin S and in agar patent blue V > cyanol, aad fuchsm > enocyanm 
A > erythnne P, ponceau 2R > mdigo canmne > azofuchsin S 

Also hpoid solubility is found not to be a factor m the differential secre 
tion of the first penod, as e g orange R and tropeohne 000/2 are hpoid 
soluble, ponceau 2R and palatme scarlet A are not 

In contrast to hpoid solubihty and dlffusibihty there are some mdica 
tions that adsorbability might have some bearmg upon the initial steps of 
the process of secretion It has been menboned (p 185) that, m compan 
son to the abffity of the hver, only a restneted number of dyes can be taken 
up and transported by the tubules of the Rmger perfused frog kidney 
Now, m experiments, which will be published elsewhere, it has been found 
that In several groups of aad azo-dyestuffs only those are allowed to pass 
the tubular wall, which are endowed with a polar non polar configuration 
of their molecules This could be accounted for by ossummg that at the 
interface between cell and sutroimdmgs the dye first has to be anchored to 
one medium by the hydrophihe polar half of its molecule, to the other by 
the organophilic non polar bnlF before it can enter the cell Lack of such 
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a polar-non-polar structure as well as a surplus of hydroafl&nity conferred 
by the presence of some additional strong polar groups prevents the forma- 
tion of such an mterfaaal layer of dye We have not yet performed enough 
experiments on the hver with substances of identical basal structure to 
suggest that mterfaaal forces might also mitiate the dyestuff secretion m 
this gland As yet, the onl}^ hmt of such an effect is that, when a great 
number of sulfomc aad groups (4 to 5 ) is present m the molecule presented 
to the hver cell, no seaetion occurs The conclusion is that the overwhelm- 
mg influence of these strongly h3’-drophihc groups prevents the mitiatmg 
attachment to the cell surface Dyestuffs of this kmd are ponceau 6 R, 
azofuchsm V and an azo-dyestuff of the I G Farbenmdustne A G with 
five sulfonate groups 

FmaUy, it should be noted that our obser\’^ations regarding the preven- 
tion of the secretion of one d3'^estuff by the presence of another one are sug- 
gestive of the idea that m the hver the same mechanism controls the trans- 
port of two diverse substances This would be different from the active 
transport m other s3’^stems For mstance, the absorption of amino aads, 
which takes place simultaneousl3' with that of glucose, remams unaffected, 
after the poisonmg of the mtestme with phlonzm has inhibited the glucose 
absorption The same is true of the reabsorption of chlonde and of glu- 
cose b3’- the frog kidne3’' 


SmtMARY 

The isolated Rmger-perfused frog hver is able to concentrate m its 
secretion several hundred or even thousand times a great number of d3'e- 
stuffs \\Tien two dyestuffs are perfused sunultaneousb’', the hver sepa- 
rates them to a lower or higher degree, some times to such an extent that the 
secretion of one of them is entirely suppressed by the other ^^Tuch one 
of the two dyestuffs appears prevaihngh’^ m the seaetion, does not depend 
upon Its diffusibiht3' or hpoid solubiht3^ but perhaps upon its adsorbabiht3^ 
This is concluded from the fact that d3 estuffs proaded with several (4 to 
5 ) strongly hydrophihc sulfonate groups in their molecule, are not per- 
mitted to pass the gland 
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STUDIES CONCERNING THE NATURE OF THE SECRETORY 
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TEOLYIES AND NoN ELECTROLYTES UPON THE SECRETION OF DYESTUFFS* 
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INTEODUCTION 

As described in the preceding paper (HOber (1)), the isolated Ringer- 
perfused frog liver is characterized by its abihty to collect from the arcu- 
latmg fluid a great number of dyestuffs to such a degree that they appear m 
the secrebon many hundred tunes concentrated Now, this activity of the 
surviving gland can be abolished temporarily m a very striking way by sub- 
shtutmg in the perfusion flmd 1/8 to 1/10 of the NaQ with the isosmobc 
amount of certam orgamc non-electrolytes or electrolytes After a short 
tune the color of the secretion fades, often completely, but reappears after 
resiunpbon of perfusion with Rmger (Hbber (2), Valdecasas (3)) Non 
electrolytes produemg this inhibitory influence are chiefly the disacchandes, 
hezoses, pentoses, and hexahydne, pentahydne, and lower polyhydne 
alcohols as well as artuno aads and succmamide Electrolytes acbng m the 
same way are the sodium salts of the lower fatty aads (acetate, propionate), 
of laebe acid, and of ammo dicarfaoijhc aads. It appears that all these 
inhibitory substances have a strong hydropolanty and therefore lack sur- 
face activity The opposite acbon, promotion of the secretory power of 
the hver, has been known for a long tune to be exerted by salts of the bile 
aads. A similnr effect has been observed with some anesthebes, with 
saponm, and with salts of some organic bases and of some higher fatty 
aads In contrast to the group of inhibibng agents these substances are 
characterized by surface acbvity Invesbgation of their influence pre 

* It u a great pleasure to admowlcdgc the support to this wort Irom the Pcorore 
Fund of the American Phllosopiiicai Society 

A prriiminaiy report R** been published m Proc Am Phil Soc^ 1938, 78, 587 
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sented some difficult}’-, smce they cause irreversible loss of activity, unless 
the concentrations are kept below a low, somewhat variable lumt and un- 
less the apphcation is restncted to a short and likewise vanable penod 
Further mvestigation of these phenomena seemed to be desirable m order 
to throw more hght upon the unknown mechanism of one of the mam 
features of glandular activity 

EXPERIMENTS 

I Iiiliibiiton of the Secretion of Different Dyestuffs 

Smce the earher experiments were concerned with only a small number of 
dyestuffs, we decided to extend the work m order to determme whether any 
generalization could be made concemmg the relationship of the physico- 
chemical character of the dye to the aforementioned inhibitory effect 
Table I summarizes four experiments with (1) a basic dye, (2) a hpoid-insol- 


TABLE I 

The Inhibitory Effect of Mannitol and of Sucrose 


1 

1 

I 

n 

m 

1 

IV 

V 

VI 

1 

Rhodanun 3B 

(-}- 0 027 mol mannitol) 

250 

250 

125 

60 

80 

250 

2 

EnDcjanm A 

{-h 0 027 mol manmtol) 

250 

180 

60 

0 

375 


3 

Orange R 

(-f 0 027 mol sucrose) 

4000 

4000 

2000 

I 90 


500 

4 

Orange R 
Patent blue V 

(-}- 0 027 mol manmtol) 

120 

120 

0 

0 

167 

81 

1 

1 

1 



uble aad dye, (3) a hpoid-soluble aad dye, and (4) a mixture of one hpoid- 
soluble and one hpoid-msoluble aad dye Each dye was mjected mto the 
hver through the abdominal vem at a concentration of 0 0005 per cent, as 
descnbed m the previous paper (1) * 

From these and a great number of analogous experiments it appears that 
neither hpoid solubiht}' nor the aadic or the basic character of the dyestuff 
has a special bearing upon the result 

The inhibitory action of the aforementioned orgamc substances might 
be thought of as attnbutable to alterations m the circulator}'- conditions 
As a matter of fact, the decrease in dyestuff concentration is usually asso- 
ciated mth a fall m the amount of secretion However, this decrease is 
by no means m-v’anably connected with a diminished perfusion rate, but, 

^ The figures in Table I indicate the concentration raUos during the expcnmental 
penods I to \T, each of which extended o\ cr one-half to one hour The numbers in 
bold faced U^pe are the concentration ratios observed in the presence of the non-elec- 
troh tes indicated. 
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on the contrarj , appears to be associated with a more rapid as well as a 
slower perfusion (Table II) A definite connection between circulation 
and dyestuff concentration in the secretion does exist as can be shown by 
simply changing the perfusion pressure without the addition of any of the 
orgarac substances Raising the pressure raises the amount of secretion 
and diminishes the concentration ratios, reducmg the pressure has the op- 
posite effect (Table II) By these and many other data we are led to con 
dude that the inhibitory action of the organic substances apphed must be 
looked upon as a direct influence upon the secretory structure and not as 
bemg brought about indirectly by alteration of the circulatory conditions 


TABtE n 

Perfusion Rate and Secretory Acimty 




Ptrfaikio 

StcTTtke 

Coactat» 
UoQ ntla 


EiiocTUiin A 


ctjkr 

200 

mtJ^ 

3 

198 



4* 0 027 mol tdoolbd 

80 

1 

60 



— 

120 

4 



Pooceait 2R 



65 

10 

240 



+ 0 027 rad mannitol 

75 

6 

aa 

25 


— 

5} 

12 

660 

400 

Ormnge R 



60 

5 7 

5350 

1525 


+ 0 009 mol faednjite 

60 

2 

13 

1 3 


— 

70 

5 

1030 

270 

Eriocyanln A 

at 10 cm HtO prcoorc 

43 

2 5 


100 


20 •* 

198 

9 

40 

IB 


10 

92 

2 5 


25 


Attention had been turned by previous work (H6ber and Titajew (4), 
Valdecasas (3)) to the fact that those orgamc electrolytes and non-elec 
trolytes which appear to mhibit the h\er activity are characterized by 
common chemical and physicochemical features, which may be essential 
for their action, namdy, the possession of polar groups, — COOH, — OH, 
and — NHj For this reason, the molecules are strongly hidtopolar, 
surface-mactive, and hpoid insoluble and they exhibit anti-dispersing 
consobdatmg properties toward hydrophihc colloids In recent expen 
meats we have extended our study to the Na salts of some markedly hy dro- 
polar adds, to malonate, sucdnate, glutarnte, gluconate Thev appeared 
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to exhibit vigorous but reversible effects (for the effect of succinate see Table 
II}j vrhereas gtycolate dispWed a considerabl}’- weaker inhibiting influence. 

II Organic Subslances PronwUng Liver Secrehan 

The salts of the bile acids are the onl}'^ substances which it is generally 
agreed show a definite choleretic power Their essential function in the 
intestine seems to rest upon their h3fdrotropic properties (Neuberg (5)), 
i c the capaaty to bnng into aqueous solution substances which otherwise 

TABLE m 


EJicct of Benzene Sulfonate at Vanoiis Concentrations 


llol beartiic sulfonate 

Rate of secretion 

Concentration ratio 

Dye secreted ms /Br XICK 


fsf /ir 

1 25 

400 

25 

0 22 X 10-i 

2 

250 

25 

it 

4 

500 

100 

tt 

4 

750 

150 

— 

5 

600 

150 



1 

500 

25 

0 45 X 10-i 

2 

500 

50 

<( 

7 

oOO 

110 


4 

500 

100 




500 

150 



1 

500 

25 

0 9 X 10-i 

2 

125 

13 

<( 

2 

120 

12 

it 

3 

40 

6 

— 

4 

250 

50 



2 

600 

60 

5 6 X 10-* 

3 

300 

45 

it 

5 

SO 

20 

— 

6 

30 

9 


are scarceli' soluble, hke higher fatty aedds and sterols This is brought 
about by their polar-non-polax structure, the organophilic portion of the 
molecule being strongly attached to the undissolved substance, the h} dro- 
phihc portion pulhng the substance towards the water This concept was 
an mcentii e to testmg other hydrotropic substances for possible choleretic 
power In this respect, we have studied the Na salts of fatti' aads with 
carbon chams longer than Cs, of benzoic and ox^'benzoic and of aromatic 
sulfonic acids Because of their surface activity and hpoid-solvent proper- 
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ties, we also have investigated the effects of some anesthetics and alkaloids, 
of saponm and digitonm, and other related substances All of these, above 
certam concentrations and exposure periods, produce or at least promote 
cytolysis, by favonng dismtegration of the surface structure of cells For 
this reason, it was ver> difficult to secure unequivocal and uniform results 
and to avoid irreversible damage 

In a senes of several hundred experiments, substances of this group were 
apphed m varymg concentrations and for varymg penods of time imtil 

TABLE IV 


^cd of CapryiaU at Various Coruxniraitons 



lUix of McntloD 

Cooctbtntloa ntlo 

Pjrt Kcrttid mtVkr XIO* 


•tJhr 

15 2 

930 

71 

3 X 10-< 

14 1 

1120 

78 

— 

10 2 

1310 

67 

— 

11 0 

390 

21 

_ 

5 5 

3200 

89 

3 X 10-* 

6 6 

1090 

36 

— 

8 0 

7000 

280 

— 

7 2 

2270 

81 


8 6 

320 

14 

<5 X lO-* 

11 6 

2(50 

15 

— 

8 4 

330 

13 



11 4 

2520 

140 

3 X 10-< 

5 0 

900 

22 


2 4 

120 

14 



3 85 

140 

2 7 

6 X 10-^ 

3 25 

100 

6 

— 

3 15 

50 

0 8 


conditions were found m which the stimulating action was preponderant 
over the toxic For some substances such conditions were never found 
Frequentl> even with supposedly optimum concentration and duration of 
experiment toxiaty was evident, especially dunng warm weather and fol 
lowmg starvation attendant upon hibernation For this reason and bearing 
in nund the fact that the isolated Ringer perfused hver is, m an> case, a 
dying organ, we felt justified in discarding all experiments in which the 
hver was evidently moribund as indicated by the progressive loss of secre- 
tory power 


i 
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The vanabihty m the course of our "good” experiments is illustrated by 
Tables HI, IV, and V 

In Table m the results of four experiments are reported, m which sodium 
benzenesulfonate m vanous concentrations was added to the Rmger solu- 
tion 0 9 X 10~^ mol and 3 6 X 10“* mol cause a definite chmmution of the 
secretory power, while 0 45 X mol and 0 22 X 10-^ mol produce a 
promoting effect This is particularly demonstrated by the data regardmg 
the absolute amounts of dyestuff secreted per hour 
The senes of six expenments descnbed by Table IV displays the more 
comphcated behavior of the hver when subjected to the influence of Na 
caprylate The poisomng effect of the higher concentrations (3 X 10-< 

TABLE V 


Snbstafices Expected to Have a Promoting Influence upon Liver Secretion 



OpUtnal concentraboD 

Concentration 

raUo 

D^c 

secrebon/hr 

Capiylatc 

3 to-' to 6 10-* 

4+,2~ 

44-, 1- 

Heptylate 

1 10-* 

14 -, 2- 

34- 

Oleate 

5 10-^> 

44-, 2- 

44-, 2- 

Benzoate 

0 5 10-* 

34- 

24- 

Sahcylate 

7 10-* 

54-, 2- 

64-, 1- 

Benzenesulfonate 

2 2 10-» to 4 5 10-» 

24- 

24- 

/i-Toluenesulfonate 

6 10-‘ 

34-,!- 

34-, 1- 

Glycocholate 

3 10-* to 20 lO-J^ 

34-, 2- 

1 54- 

Taurocholate 

3 10-* 

54-,!- 

64- 

Propylcarbamate 

0 6 10-* to 5 10--- 

44-, 1- 

44-, I- 

Codem hydrochloride 

3 10-* to 15 10-‘ 

44- 

44- 

Veratnn 

5 lO-® 

14-, 1- 

24- 

Digitomn 

0 5 10-* to 1 10-« 

34-, 1- 

24-, 2- 


and 6 X 10~^ mol) is evident However, ivith the markedly lower concen- 
tration of 3 X 10~® mol a promotmg effect is produced, which is character- 
ized by its appearance only after a certain lapse of time 
Table V is a surve)’’ of a series of experiments with substances expected to 
show a promoting influence on the basis of their polar-non-polar structure, 
their surface activity, and their lipoid solubility In more than 70 per cent 
of the expenments the substances tested in concentrations which seemed 
smtable were found to stimulate the secretory capacity = 

On the other hand, with substances likewise exhibiting the aforemen- 

- In Table V a plus sign means presence, a ramus sign, absence of a promotmg action 
reflected bj the concentration ratios or the absolute amount of djestuff secretion or by 
both of them 
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tioned physicochemical properties, we have failed as yet to secure a pro- 
moting action Those substances were nonylate, laurate, aunamate, and 
^naphthalenesuKonate 

III Anlagonuttc Effect of Ttoo Substances of Opposite Action upon the 
Dyestuff Secretion 

The failure of the experiments dealt with m the precedmg secbon, to 
yield clear cut results was beheved to be due to the fact that there is a 
gradual transition m the influence of the organic substances from a mere 
loosemng to a defimtely dismtegratmg efi'ect This mterpretation seems 
to be supported by observations dealing with the neutraluation of the vig 
orous mhibitory influence of one orgamc substance by the addition of a 


TABLE VI 

Aniagontsltc Effect of Intntnltng and Promoting Substances 



CoactantloB 

ratio 

8(cr«Ud dn 
atfjii X 

Rlngw 

99 

10 

■\-}i isotoaic maotc 

0 

0 

+8 10^ mol Uuiocholate 

364 

130 

Ringer 

SOO 

100 

” +H iiot'anic racrose 

0 

0 

“ +2 5 10^ Bxi dielliyluria 

165 

8 

1 

Ring«r 

148 

19 

^ +H Iwtotiic fucro*e 

>0 

>0 

** +8 10^ mol oleinate 

250 

25 


second one This behavior is demonstrated by experiments given In 
Tables VI and VII 

Table VI surveys three experiments m which substitubon of 1/8 of the 
NaCl m the Rmger solubon with 1/8 isotomc sucrose was succeeded by the 
entire or pracbcaHy entire disappearance of the dyestuff from the secre- 
tion Following addibon of one of the polar non polar substances m a con 
centraUon found previously to be promobng the dyestuff secrebon was 
resumed The same antagonistic mfluence has been observed with the 
foDowmg compounds Na glycocholate 9 X 10~* mol, phenylurea 1 X 10^ 
mol, propyl alcohol 1 X lO-* mol, and capryhc acid 7 X 10-* mol When 
substances showing neither polar structure nor a distinct surface acbvity 
nor hpoid Eolubflity were tested, it was found that glucose, on one hand, is 
unable to restore the secretory acbvity which has been abolished by lactose. 
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but that urea, acetamide, and ethylene glycol can definitely do so (Table 
Vn) In general, these and other experiments have demonstrated that the 
inhibitor)'- influence of disacchandes and hexoses is not diminished by other 
disacchandes, hexoses, and hexahydnc alcohols, but is by urea, thiourea, 
methylurea, acetanude, propionannde, ethylene glycol and to some degree 
and more or less irregularly by glycerol and arabmose 


TABLE -vn 

Antagomslic Effcd of Substances with Higher and Lower Hydropolartly 



Concentration 

raUo 

Secreted dve 
ms /hr X 101 

Rmger 


25 

“ +14 isotonic glucose 


4 5 

“ “ +}4 isotonic urea 

250 

50 

Ringer 

400 

100 

“ +}4 isotonic sucrose 

15 j 

0 35 

“ “ -fks isotonic acetamide 

1000 1 

42 

1 

Rmger 

500 

25 

“ +K isotomc lactose 

15 

0 75 

, “ " +}4 isotomc glucose 

3 7 

0 25 

Rmger 

375 

75 

" +}4 isotomc maltose 

12 

0 75 

“ “ +}4 isotomc ethylene glycol 

185 

9 


IV Physicochemical Properties of the Inhibiting and the Promoting 

Compounds 

It has already been mentioned that those orgamc substances which show 
a marked inhibitory effect, exhibit a great aflinity to water, which prevents 
their entermg a hpoid phase, opposes their anchorage on the interface be- 
tu’een water and orgamc matter, causes them to compete unth the water 
molecules attached on hydrophihc colloids, and confers upon them in this 
way a shrinkin g influence The promotmg substances, in general, display 
opposite properties Inasmuch as they show a polar-non-polar molecular 
configuration, the hydrophobic portion of their molecule can adhere to or- 
gamc substances, the h3’-drophihc portion pulhng towards the water and 
exertmg in thm way a loosemng and swelhng effect However, there are 
also present m this group of promotmg substances more or less apolar 
compounds which, because of them organophihc character as a whole, pene- 
trate a hpoidal surface structure, change the mtermolecular adhesive forces, 
and counteract the close molecular packing so that the final result is dis- 
mtegration. Between these two contrastmg groups are mtermediate sub- 
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stances which either show only a shght hydroaffinity, like ethylene glycol 
and glycerol, or a shght organotropy, like acetamide and urea 

This inteipretation of the influence of the two chief groups of organic com- 
pounds IS supported by the foUowmg experimental facts Katz (6) has m 
veshgated the effect of numerous orgamc substances upon the swelhng and 
shrinking of starch Of particular mterest In connection with the present 
work was his observation of a shrinking effect with disacchandes and mono 
sacchandes and with polyhydnc alcohols m the order mannitol, erythntol, 
glycerol, ethylene glycol In contrast, some swelhng is brought about by 
acetamide and urea and a stronger swelling by propyl and butyl carbamate. 
In his work with electrolytes, he observed marked shnnkmg with oxalate, 
malonate, succinate, glutarate, and atrate A smaller effect was obtamed 
with lactate and glycolate and with salts of the lower fatty aads (Cj to Ci), 
whereas those of the higher members of this senes (Cj to C*) produce swell 
mg This is true also with benzoate and still more with sahcylate and with 
the salts of aromatic sulfomc aads 

However, model experiments with starch can hardly be comparable to 
the colloidal processes taking place on the surface of cells For this reason, 
we have mvestigated the influence of the orgamc substances on leathin, 
which seemed to provide a more appropriate model for cellular processes 
A 0 2 per cent suspension of egg yolk leathm m water orm 1 per cent NaD 
was prepared The pH was usually controlled with 0 04 mol phosphate 
buffer * The mcrease (-1-) or decrease (— ) in transparency following the 
addition of orgamc substances was measured b> a photocelL An mcrease 
mdicates a dispersmg, a decrease an aggregatmg effect (Table Vm) 

It IS obvious that the results summarized m Table ViU are again con 
firmatory of the assumption that the dispersmg and the anbdispersmg prop- 
erties of the orgamc non-electrolytes and electrolytes are more or less cor 
related with their physiological effects 

Qmte m hne with our results are the observations of von Kuthy (7) 
Gelatm, like starch and ledthm, undergoes swelhng m presence of hydro- 
tropic substances like Na benzoate, benzenesulfonate, phenylacetate 
The same substances fadhtate the penetration of gelatm by dyestuffs. 

Finally, with regard to the experiments on dyestuff secrebon by the liver, 
Valdecasas (3) made the pertment observation that solutions of a number of 
orgamc substances m the same concentxatioiis m which they are found to 
mcrease the secretory activity, mcreased the rate of filtration through the 
hog’s bladder 

* In order to avoid the influence of hydrolysis, the effect of the salts of weaker adds 
was, in general, studied at a higher pH (about to 8) than that ..dhe 

other substances. 
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In concluding, it should be emphasized that, although it can hardly be 
questioned that colloidal processes are mvolved m the physiological events, 
the importance of this statement must not be overestimated Even such 

TABLE vin 


Influence oj Organic Substances on the Transparency oj Lecithin Suspensions 



Effect 

Transparency 

pH 

Sucrose 

— 

Mimmum atOlm 

4 to 4 6 

Lactose 

— 

“ 0 25 m 

4 to 4 4 

Glucose 

— 

» 0 5m 

4 2 

Mannitol 

— 

“ 0 1 to 0 4 m 

5 

Erythntol 

— 

Flat minunum at 0 5 m 

4 2 

Glycerol 

— 

Weak effect at 0 2 to 1 0 m 

4 2 to 4 4 

Ethylene glycol 

+ 

Increase of transparency above 0 1m 

4 to 4 2 

Glyane 

— 

Decrease " 0 1 to 1 0 m 

5 6 to 5 8 

Ammo butync aad 

— 

“ “ 0 05 to 1 0 m 

7 2 

Oxalate 

— 

“ “ 0 01 to 0 2 m 

4 2 to 4 4 

Succmate 

— 

Strong decrease of transparency 0 02 to 
0 2m 

4 to 4 4 

Glutarate 

— 

Mimmum at 0 3 m 

5 

Glycolate 

— 

" 0 5m 

4 2 

Malate 

— 

Rather strong decrease 0 01 to 0 08 m 

4 

Capronate 

+ 

Little effect up to 0 4, above 0 4n3 small 
increase 

8 to 8 2 

Heptylate 

+ 

Increase 0 05 to 1 0 m 

7 to 8 

Caprylate 

+ 

1 “ 0 005 to 0 04 m 

7 4 to 7 

Pelargonate 

1 + 

t Strong mcrease 0 01 to 0 8 m 

8 S 

Oleate 

+ 

Increase 0 01 to 0 1 m 

8 to 8 4 

Benzoate 

+ 

Strong mcrease 0 1 to 1 0 m 

' 7 8 to 8 

Sahcylate 

+ 

" “ 0 1 to 1 0 m 

4 5 and 8 

Gli'cocholate 


" " up to 0 01 m 

6 

Taurocholate 

+ 

" " up to 0 01 m 

6 

p-Toluenesulfonatc 

+ 

Increase 0 02 to 0 8 m 

5 

/3-Naphthalencsulfonate 


“ 0 02 to 0 15 m 

4 5 

Propylcarbamate 

+ 

Small increase 0 03 to 0 4 m 

4 

»-Amylcarbamate 

0 

No effect 0 0002 to 0 0012 m 

4 4 

«-Butyl alcohol 

+ 

Increase 0 18 to 0 65 m 

4 

»-Amyl alcohol 


Very small effect 0 005 to 0 08 m 

4 2 

n-Hcptjl alcohol 

>0 

“ “ 0 0005 to 0 007 m 

4 6 

Vcratnn 

+ 

Strong mcrease 0 01 to 0 08 m 

7 


striking results as those regarding the antagonistic effect of pairs of organic 
compounds, which belong to one and to the other of our mam groups, fail 
to give us an msight mto the secretorj^ mechanism beyond the conclusion 
that a certam consistency and stability of the active cellular structure is 
mdispensable 





EUDOLS hBbeR AKD ELINOE HOOEE 


201 


V Some Remarks about the Mechanism of the Dyestuff Secretion 

In the following discussion the rate of secretion and the concentration of 
dyestuff will be considered separately It has been pointed out earher that, 
in general, on the one hand, a re\ersible decrease of the concentrating capac- 
ity of the hver, brought about by the addition of one group of organic sub- 
stances, IS accompanied by a decrease m the rate of secretion (Table If) 
and that, on the other hand, a reversible mcrease of concentration produced 
by the other group is often (although not regularly) associated with an 
mcrease m the rate (Tables in and IV) An irreversible mcrease of the 
rate of secretion is ordinarily observed after an overdose of a promotmg 
substance has been given (Table HI and also Valdecasas (3)) 

The ohservations concenung the behavior of the rates imght be mter 
preted as mdicatmg some consobdaUng or shnnlmg effect of one group, 
some dispersmg or loosenmg effect of the other group of substances This 
would result in a greater or lesser permeabihty of the hver cells to water, 
in other words, m a narrowmg or widemng of their porous structure Such 
a concept would be supported by recently published potenbometnc meas 
urements of HBber, Andersch, HOber, and Nebel (8) on muscle and nerve 
membranes The membrane potentials appeared to be acted upon by the 
two groups of organic substances m opposite directions, indicating either 
an mcrease or a decrease in porosity or, respectively, a decrease or an m 
crease of selective ion permeabflity 

With respect to the concentration of the dyestuffs, it is suggestive for 
several reasons, to regard their entrance mto the hver as a matter of ad 
sorbabUity Two pomts may be emphasieed here (1) Apart from dye- 
stuffs no substance has been defimtdy shown to be concentrated m the 
hver secretion It is true that the passage of solutes through the hver has 
not, as yet, been thoroughly mvestigated However, except for the dye- 
stuffs, the substances which, up to the present, have been shown to pass the 
hver, pass it as they would a passive filter, ij without a marked change in 
concentration, and are charactenxed by their lack of adsorhabihty (Hay- 
wood and HBber (9)) (2) Apart from colloidal dyestuffs, which have 

been mentioned earher (HBber (1)) as bemg unable to penetrate the hver, 
and apart from hpold-soluble dyestuffs, which could be retamed m hver fat, 
only a few diffusible and hpoid msoluble dyes fail to find a pathway through 
the liver From a senes of about 30 axo-djestuffs only those were not 
secreted, which contam m their molecule 4 to S sulfonate groups, azofuchsm 
V, Ponceau 6R, and a beniene axo-naphthalene pentasulfonate of the 
I G Farbemndustne A G This may be explained by taking into 
account the great hydroaffimty of the sulfonate groups, which resist the 
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adhesive forces between the cells and the organophihc portion of the dye 
molecule On the basis of such a concept one might mfer that under the 
influence of the orgamc compounds the efficiency of the factors concerned 
m estabhshmg the high concentration ratios can be vaned, m one or the 
other direction, either by improvmg or unpairmg the accessibihty to the 
dyestuffs of some cellular earners, where the adsorption takes place, or by 
mcreasmg or dimimshmg the rate of the earner transport (Brinkman and 
von Szent-Gyorgyi (10) and Rosenthal (11)) 

SUMMARY 

The abihty of the isolated Rmger-perfused frog hver, to concentrate 
dyestuffs m its secretion several hundred times, can be abohshed entirely 
and reversibl}’- by replacmg m the Rmger solution about 1/8 of the NaCl 
by the isosmotic amount of a surface-mactive non-electrolyte (disacchande, 
hexose, pentose, polyhydne alcohol, ammo aad, acid amide) or electrolyte 
(salts of lower fatty aads, hydroxyl carboxyhc, and dicarboxyhc aads) 
This effect is not dependent upon changes m the perfusion rate 
The opposite effect, promotion of secretory activity, can be brought about 
by polar-non-polar electrolytes (salts of higher fatty aads, bile aads, and 
other aromatic carboxyhc aads, aromatic sulfonic aads) and surface-active 
non-electrolytes (anesthetics, alkaloids, digitomn) However, reversibihty 
of this effect cannot be regularly observed, smee cytolysis is frequently the 
end result 

Smtable concentrations of inhibitory and promoting substances, simul- 
taneously apphed, coimteract each other 
Inhibitory and promotmg substances, m general, exhibit opposite effects 
upon the dispersion of colloids (starch, leathm, gelatm) 

The correlation between the physicochemical and the physiological action 
of the organic compounds is discussed 
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STCTDIES ON THE PURIEICATION OF BACTERIOPHAGE 
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{From Pie Deparimenl of Baeienoloiy and Jmmunelocy Washtnslen University School oj 
MedtanefSl Louis) 

(Received for publication, August 1, 1939) 

Many of the eather studies on the purification of bactenophage were 
undertaken with the object of demonstrating that phage is an autonomous, 
organized anbgen distmct from the bactenum at whose expense it regener 
ates. Other investigators were mchned to consider the active agent as a 
chemical substance rather than a hving organism and attempted to obtam 
the active agent m a pure state m order to study its chemical nature The 
findmgs m these early studies failed to supply enough data to establish the 
chemical composition of bactenophage, smee no convmcmg entena of purity 
were applied, nor could the activity of the purified preparation relative 
to the weight of the agent be ascertamed (1-7) On the basis of the 
negative outcome of the usual protem color tests, most of these workers 
have come to the conclusion that phage is not protem m nature However, 
the failure of a preparation to give protem color tests cannot alone be 
considered as a suffiaent evidence to exclude the presence of a small amount 
of protem, especially when one is deahng with substances exhibiting activity 
m extremely low concentration 

A few workers did supply enough data to at least permit estimation of 
the activity correspondmg to the mtrogen content of the preparation 
Thus Khgler and Ohtzki (8) purified a cohphage by adsorption on kaolm 
in aad solution with subsequent elution by rendermg the reaction alkaline, 
and obtained a preparation with 0 014 mg mtrogen and 10* active lytic 
units per cubic centimeter of concentrate (1 4 X 10-" mg of mtrogen per 
unit of lytic activity) Because the protem color tests were negative, they 
concluded that pha^ was not protem Colwell (9), by extraction of ‘dyso 
gemc” cultures with water, obtamed a preparation contammg 0 0027 mg 
mtrogen and 10’ units per cc. (2 7 X lO"” mg N per imit of lytic activity) 

In 1927 one of us (10) attempted the purification of phage by fractional 
ultrafiltration and obtained as an end product a preparation which had the 
foUowmg composition ' C >= 37 8 per cent, H“ 5 74 per cent, N «< 

’ Analj-ied throng the UnHneq of Dr A. Elek of Ibe Rockefeller Institute. 

203 





204 


PTJRrFICATION OF BACTERIOPHAGE 


4 18 per cent, ash = 18 9 per cent 360 liters of ultrafiltered phage of titre 
10® active units per cc yielded 7 7 mg of dry residue, which corresponds to 
1 X 10-“ mg of nitrogen per active lytic unit When concentrated to a 
syrupy mass, just before reducmg to complete dryness, this concentrate 
retained practically all its ongmal activity, and 1 cc of this gave negative 
protem color tests, but positive copper reduction When reduced to 
dryness the matenal was totally inactive, and the organic analysis given 
above was made on such mactive matenal The analysis suggested that the 
matenal consisted either of a nitrosugar or of a polysacchande contaminated 
with small amounts of nitrogenous matenal However, there was still 
another possibility that could not be excluded, namely that this nitrogen 
might represent a small amount of protem contammated with a relatively 
large amount of some non-nitrogenous matenal, and that the amount of 
protem present was msuffiaent to give protein color tests This possibihty 
seems the more hkely m the hght of recent observations of Northrop (11) 
that m his purified preparations of phage the active protem was con- 
tammated with mucm-hke carbohydrate which was difficult to remove 
completely 

Recent studies have mdicated that phage might be protein in nature 
Schlesinger (12-14) collected bactenophage on a collodion membrane, pun- 
fied it by repeated high speed centnfugation, and obtamed a preparation 
which he descnbed as havmg a density of 1 3 and consistmg of sphencal 
particles about 85 m/x. m diameter Calculated on the basis of the lytic 
activity of the ongmal matenal, the dry residue represented 4 3 X 10““ 
mg of substance per unit of activity Smce the analysis of the residue 
showed that it contamed 13 per cent of nitrogen, it appears that this prepa- 
ration had 5 6 X 10““ mg of nitrogen per unit of lytic activity Despite 
the fact that the Mohsch test became very weak dunng punfication, on the 
basis of the high phosphorus content (3 7 per cent), the positive Feulgen 
reaction, and msolubihty m dilute alkali, Schlesmger concluded that it was 
a nucleoprotein More recently Northrop (11), following the chemical 
procedure he has previously employed for purification of enzymes, isolated 
from a staphylococcus phage a nucleoprotein beanng the phage activity, 
and since hydrolysis of this nucleoprotein resulted in loss of activity, he 
considered that it represented the phage itself He observed that this 
purified phage was quite labile and was quickly inactivated upon drying 
About 5 X 10-“ mg of this protein sufficed to produce lysis of a young 
culture of the homologous organism On the assumption that this amount 
represented one molecule, he calculated the molecular weight to be about 
300,000,000 and the diameter of the particles to be about 100 m/z He 
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points out that “The active protein is of much higher molecular weight 
than most normal proteins and this is true of viruses in general ” 

On the other hand, by subjecting B coh bactenophage to fractional 
ultrafiltrabon, one of us (IS) has shown earher that particles endowed with 
lytic activity varied m sue within wide limits but m general were of the 
order of magmtude of simple proteins (2 to 20 m/i m diameter) In at- 
temptmg to explam this discrepancy, Northrop (11) mvestigated the diffu 
Sion rate of high diluted suspensions of his purified staphylococcus bacterio- 
phage and found that it also contamed smaller particles of about S 6 mp 
m radius correspondmg to a calculated molecular weight of about 450,000 
Smce the small particles were apparently m equflibnum with the large ones 
(they were obtainable by simple dilution), he concluded that “ this pro- 
tein exists m various sixed molecules of from 500,000-300,000,000 molecular 
weight, the proportion of small molecules mcreasmg as the concentration 
decreases ” 

In view of the evidence for the protem nature and relatively large 
molecular size of bactenophage supphed by the experiments of Schlesmger 
(12-14), and particularly of Northrop (11), it was of mterest to repeat the 
earher (1927) experiments of Bronfenbreimer 

Methods 

In our earher experiments (1927) the Berkefeld filtrate of the lysed cul 
ture was forced through a relatively dense collodion membrane in order to 
remove the bulk of bacterial debris, and the ultrafiltrate was then concen- 
trated on a double 7 per cent membrane This procedure had two disad- 
vantages m the first place, the first ultrafiltration resulted m a considerable 
reduction m phage content so that the ultrafiltrate seldom contained more 
than 10* lytic umts per cc. In the second place, collection of the ultra 
filtered phage on a double 7 per cent membrane might have been responsible 
for the failure to remove some of the contaminating carbohydrate by sub 
sequent washing The more recent finding that bacterial protem is largely 
hydrolyzed during lysis (16-17), and the evidence that the particles of 
bacteriophage may reach the size of heavy protein molecules, suggested the 
possibihty of collectmg the phage directly on a collodion membrane of such 
a density that would just fail to let it pass without the preliminary fractions 
tion 

Since the phsge ms to be collected directly on a collodion membrane, the medium of 
propagation obviously had to be completely difiusible through that membrane. To 
meet this requirement, the synthetic medium described by Hetlcr and Bronfenbrenner 
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(16) was used (modified to the extent that dextrose was substituted for saccharose) 
To avoid formation of a precipitate this medium was sterihzed in two separate parts 

Parll — Igm NajHPOi.dgm ammonium succmate, 500 cc distilled water Titrate 
to pH 7 6 Autoclave 

Part 2 —20 gm dextrose, 1 gm MgS 04 , 1 gm KaSOi, 500 cc distilled water Auto- 
clave When cool mix parts 1 and 2 and readjust to pH 7 2 with sterile NaOH 

The culture used throughout the work was a strain of colon bacillus (B coh P C ) 
which was known to be free of spontaneous lytic activity over a period of 15 years 
This organism grew readily on the synthetic medium When homologous phage (PC) 
was added to a young culture, regeneration of the phage was completed m 16-18 hours, 
though the culture was not sterilized so that in about 20-24 hours overgrowth of resist- 
ants usually became apparent 

All titrations of phage were carried out by a procedure which represents an adaptation 
of a method of counting bactena described by McCrady (18), except when another 
procedure is indicated This titration consists essentially in preparing serial tenfold 
dilutions of the active filtrate and testing five separate 1 cc samples from each dilution 
for the presence of phage by addition of susceptible culture As the dilution factor 
increases, the proportion of 1 cc samples showing lysis will decrease From data repre- 
senting distnbution of samples showing lysis (containmg phage) the probable number 
of active units in the orignal suspension was calculated by means of probability 
tables (18) 

The reinforced collodion membranes were prepared by depositmg collodion^ on the 
inner surface of an alundum thimble under pressure In the prelimmary experiments 
membranes of various densities were prepared by varying the concentration of the 
collodion and the time and pressure under which the collodion was deposited The 
procedure which was chosen consisted of depositing the collodion under a vacuum of IS 
mches of mercury for 1 minute, then emptying the thimble, and permitting it to drain 
for 2 minutes, after which it was solidified by admittmg water and washed to remove the 
acetic acid for at least 24 hours before use ® These membranes were fairly reproducible 
as indicated by preliminary test of each membrane as to the rate of flow of water through 
It under pressure of 20 inches of mercury All membranes which permitted the passage 
of a liter of water in about 1 hour and 15 minutes were found to be satisfactory 

EXPERIMENTAL 

Approximately 16 hour B coh P C phage lysate in sjmthetic medium w-as filtered 
through a Berkefeld filter m order to remove the bacteria and debris remaining after 
lysis The phage was then concentrated by ultrafiltration on a 5 per cent collodion 
membrane, washed with distilled water until the filtrate was negative for ammonia 

^ The 5 per cent collodion solution was prepared according to the method of Bechhold 
and Gutlohn (19) and consisted of 50 gm of nitrocellulose and 12 5 gm of K^COi dis- 
solved in 1000 cc of glacial acetic acid Incidentally, it should be noted that the 
membranes were prepared from a new batch of nitrocellulose, and were considerably 
less permeable than those prepared from a different lot of nitrocellulose in 1927 

’ The essential details and precautions to be followed in this procedure have been 
desenbed bj Bronfenbrenner (20) 
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(Neulcr^s rtagent) and concentrated on the membrane under ■\Ticuum to a fevr 

cubic centimeters The concentrated phage was removed mth a pipette and an> phage 
adhering to the membrane ■was washed down bv a stream of a few cubic centimeters of 
distilled water the -waDs of the membrane w e re swabbed with a sterfle cotton swab 
moistened with distilled water, and all phage thus collected -was sunilariy removed with 
a pipette. This procedure was repeated two or three times with a fresh supply of dis- 
tilled water and the phage so recovered was added to the onginal concentrate. As wiH 
be shown later this procedure resulted m the rccoverj of practically all the phage as 
shown by the determmation of the lytic activit> and of the ni tro gen content (Tables I 
andin) 

Since the total nitrogen content (0 6 per cent ammonium sucemate) of 
the medium was about 1 mg per cc-, and the phage content at the end of 
mcubation approximately 5 X 10* lytic umts per cc., the onginal lysate 
(before ultrafiltration) represented (1 + 5 X 10*) 2 X 10“'" mg of mtrogen 
per each active Ij'tic unit However, smee thia nitrogen represents pn 
marily unutilized ammonia as well as synthesized bacterial protem, and 
only a fraction of it might represent phage itself, it is evident that punfica 
tion consisting of copious washmg out of more diffusible extraneous con 
stituents must result m a dnmnutioD of the mtrogen content per umt of 
lytic activity m the final product This was actually foimd to be the case 
when the mtrogen content of crude and purified phage and of the phage 
free ultrafiltrate, respectively, were determined (Table I) In these dc 
temimations the Pamas and Wagner (21) microKjeldahl method was 
employed, all determinations bemg earned out m dupbeate and an average 
figure recorded- 

A typical experiment is herewith given m detail 

11,500 cc. of 16 hour lysate was filtered in three equal portions (for the purpose of 
effiaency m filtration) through three separate Berkcfdd filters The combined filtrates 
were concentrated on a 5 per cent membrane and then washed with distiUed water until 
the ultrafiltrate gave a negati\-e test for ammonia The concentrate remaining in the 
thimble (70 cc) was collected and the mtrogen content and phage activity of each frac 
bon were measured (Table I) 


TABLE I 


DeUiils of Punfcaiicm and 0>n<xntrai\(m of B alt Pha^e 



Vohnas 

PlizC« dba prr cc 

N/cc. 

N per tmlt ef actlrltx 

Crude phage. 

<v. 1 

11 500 

5 X 10» 

1 274 

"ft 

2 55 X 10^» 

Bcikefeld filtrate 

11 500 

5 X 10* 

1 267 

2 S3 X icr»* 

Ultrafiltrate 

11 600 1 

No activity j 

1 256 1 

No activity 

Purified concentrate 

70 

10» 1 

0 OIS 1 

1 8 X I0-» 
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Companson of the nitrogen content per unit of activity m the ongmal 
lysate (about 2 X 10-1“ pgj. washed concentrate 

(about 1 X 10-11 jjjg pgj. stows that by this sunple procedure a con- 
siderable degree of punficaPon has been attamed inasmuch as the concen- 
trate possesses all the ongmal activity of the crude phage while the nitrogen 
content per umt of activity was reduced approxunately 20,000 tunes 
Smce, as stated earher, most of the nitrogen m the crude phage probably 
consists of unassumlated ammomum succmate, while some mdubitably 
represents bactenal debns, it was of mterest to determme the ammonia and 
non-ammonia fractions of a Berkefeld filtrate m order to estunate how 
much of synthesized bactenal protem is actually removed dunng the process 
of purification To determme this, the ammoma m a sample of crude 
phage was measured by aeration mto standard aad and the total nitrogen 
b}'- micro-Kjeldahl, the difference between the two values was taken as 
representmg synthesized nitrogen As a control on the efficiency of re- 
covery of ammoma, an equal volume (1 hter) of stenie medium from the 
same batch was similarly aerated The results of three such expenmen ts 
are given m Table 11 


TABLE n 


Proportions of Ammoma and Non-Ammoma Nitrogen in Crude Phage in Synthetic Medium 



aactenophage 

Stenie medium (control) 

Eip No 

Total N 1 

1 

Ammonia N j 

Difference* 
(jyntiesized i 
nitrogen) 

1 Total N 

Ammoma N 

Difference 

(expenmentfll 

error) 


m 1 

WEm 



mSM 

mg 

I 

1329 





5 

n 

1273 

1264 

9 

1280 

1279 

1 

m 

1269 

' 1252 1 

17 

1294 1 

1292 

2 


' A\'crage 


22 

A\ erage 


3 


* The "mde variations in synthesized nitrogen are probabb' due to the fact that growth 
of bacteria prior to onset of b'sis might have proceeded further in some of the experi- 
ments, thus permitting the assimilation of different amounts of ammonia 


It is seen that on an average, approximately 22 mg of non-ammonia 
(synthesized) mtrogen were usuall}'- present m a hter of crude phage Smce 
the control determmations on the sterile s 3 mthetic medium showed that all 
but about 3 mg of ammoma was recovered, this amount represents the 
probable experimental error Assummg that the amount of sjmthesized 
nitrogen m the crude phage approximates on an average 20 mg per liter, 
and knowmg that it contams approximately 5 X 10*=^ active lytic units per 
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liter, it IS e\'ident that the crude Ij-tic filtrate contains (20 + 5 X 10“) 
4 X 10““ mg of synthesized mtrogen per active imit Smce the punfied 
phage has been found to have but 1 X 10““ mg N per unit, therefore, the 
phage represents about 1/400 of the total sjmthcsized non-ammonia nitro- 
gen of crude phage The reraamdcr must represent bacterial debns 

In order to ascertam the \Tihdity of these calculations it was of mterest 
to determine how much of the mtrogen present m the ongmal matenal 
was accounted for m the process of purification 

10,000 cc, of 16 hour Ij’sate vras filtered through three Berkefeld filters collected on 
a 5 per cent membrane ^nuhed until free of ammonia and concentrated to 33 cc The 
r4sum6 of the distribution of mtrogen is given m Table III 


TABLE in 

Compldenas oj Ihe Rfcotcry of Nttnicn dunni Punjicahon 

Crude phage 
Berkeidd filtrate 
RenKrttd by Bcrkefdd filler 


13 020 mg N 
12 670 
350 


CoDceotrate 
Ultrafiltrate 
Wash water 
Accoonted for 

Berkefeld filtrate. 
Accounted for 
Unaccounted for 


0 825 mg N 
12 «0 000 “ 

14 000 
12 634 825 


12 6*0 000 mg N 
12 634 825 

IS 175 “ N 


WTule the procedure consisting of ultrafiltrataon is quite simple it is 
apparently quite effective practical!} all the activnt} (Table I), and 
practicall} all the mtrogen (Table ill) of the ongmal 1} sate can be recov ered 
tmd it }nclds fairlv rcproduable results as can be seen from Table IV, 
v\ hich summarizes the results of a number of purification eipenmcnls earned 
out at different times ov cr a penod of about a } ear From Table it can 
be seen that the av'crage punfied concentrate bad a phage litre of the order 
of magnitude of 5 X 10“ 1} tic umts per cc. and a mtrogen content of about 
10““ mg per each 1} tic umt 

In order to secure a suffiaent amount of matenal for chemical tests, and 
to calculate the weight of matenal per I}'tic umt, a number of punfied 
preparations were reduced to diymcss (the product being totallv devoid of 
1} tic activntv ) The results of sev en such eipcnments are giv en m Table V 
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Examination of Table V shows considerable differences m the dry weight 
per unit of activity and m the per cent nitrogen of different preparations 
These differences are probably not as significant as they appear on first 
exaimnation and probably represent the experimental errors mvolved m 

TABLE IV 


Summary of Purification Experiments with B coh Phage 


Original volume 

1 

Concentrate volume 

Phage titre per cc 

N/unit of lytic activity 

cc 

CC 



8,000 

33 5 

10« 

8 X 10-“ 

11,500 

70 0 

10« 

1 8 X 10-» 

9,000 

87 0 

10“ 

1 2 X 10-“ 


33 0 

3 5 X 10“ 

7 X 10-“ 

6,000 

47 2 

5 X 10“ 

1 6 X 10-“ 

6,000 

45 2 

6 X 10“ 

1 5 X 10-“ 

22,000 

21 4 

8 5 X 10“ 

1 4 X 10-“ 

20,000 

26 3 

5 0 X 10“ 

1 5 X 10-“ 


32 4 

5 0 X 10“ 

1 7 X 10-“ 

18,000 

17 3 

8 0 X 10“ 

1 4 X 10-“ 

18,000 

24 0 

6 0 X 10“ 

9 0 X 10-“ 

18,000 

25 0 

5 0 X 10“ 

1 2 X 10-“ 

18,000 

26 0 

8 0 X 10“ 

8 0 X 10-“ 

14,000 

39 0 

2 0 X 10“ 

1 2 X 10-“ 


TABLE V 

Nitrogen Content of Dried Purified Cohphagc 


to*’ 

Original 

\oliiine 

Concen- 

trate 

volume 

Phage titre 
per cc (cone ) 

N/unit 

Wemht 
of tfry 
residue 

Dry weight/unit 

Nitrogen of 
dry residue 


cc 

cc 


rrtg 

ms 

ms 

percent 

I 

16,000 

37 7 

3 5 X 10“ 

1 14 X 10-“ 

9 58 

7 26 X 10-“ 

15 7 

n 

14,500 

25 8 

2 5 X 10“ 

3 0 X 10-“ 

8 88 

1 4 X 10-“ 

21 4 

in 

12,000 

34 0 

1 7 X 10“ 

1 6 X 10-“ 

5 27 

9 1 X 10-“ 

17 5 

TN 

8,000 

43 0 

7 0 X 10“ 

2 0 X 10-“ 

4 03 

1 3 X 10-“ 

15 4 

V 

8,000 

33 0 

9 0 X 10“ 

2 0 X 10-“ 

4 26 

1 44 X 10-“ 

13 9 

VI 

18,000 

12 5 

1 1 X 10“ 

Average W 

6 98 

5 07 X 10-“ 

Average VI 

vn 

18,000 

11 0 

9 5 X 10“ 

and vn = 

7 8 X 10-“ 

6 70 

6 41 X 10-“ 

and Vll 
= 14 00 


weighing of small samples, and inadequate washmg of some of the residues 
In round numbers these results indicate that each active lytic unit corre- 
sponds to approxunately 6 X 10-» mg of do' residue containing 14-16 per 
cent of nitrogen 

This nitrogen content suggests the likelihood that the substance is a pro- 
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tern In order to confirm this, protem color tests were earned out upon the 
dned material suspended m physiological saline With suspensions con- 
tammg about 2 mg of diy residue per cc. it was possible to obtam positive 
biuret, Hopkins-Cole, and xanthoproteic reactions The matenal contained 
sulfur and coagulated upon contact with strong aad It is to be noted 
especially that this matenal contamed no reducing sugars, even after hydrol 
ysis with normal HCl at 100°C for from one to several hours, m contrast to 
our own findings m 1927 and to the results of Northrop (1 1) who found about 
1 per cent of glucose m his purified phage preparations 

In order to see whether the protein that has been isolated represents a 
specific substance synthesized only m the presence of bactenophage, a 
similar procedure of purification and concentration was earned out upon 
filtrates of cultures grown on synthetic medium in the absence of 
bactenophage. 

B co/t P C waa Inoculated into 10 liter* of Bynthetic medium and grown at 37^ C for 
1 week In order to permit some autolysia to take place. Tins culture was filtered in equal 
portions through four Berkefdd filters the filtrates were combined, concentrated, and 
washed upon a 5 per cent membrane exactly as were phage lysates The last few cubic 
cenbmeters remaining on the membrane after copious washing and swabbing rquesented 
a water-clear solution which was divided into two portions and the total nitrogen of each 
determined The results of three such experiments are given in Table VI 


TABLE VI 

Nxiregen Cmlcni of Washed Concentrated Berk^dd FUiraUs of B coit P C Grown on 
Syntkdic kledtum in the Absence of Pkage 


ExptrlBKDt Ko 

Orlffatal rohtme 

CoaccatnU rolcaae* 

Arenr* ritrocta coattat 
olHot umpUt 





I 

10 000 

34 0 

-0 0005 

n 1 

10 000 

18 3 

0 02 

ni ' 

10 000 

56 0 

-0 001 


* Since nitrogen content of the entire sample was determined, no attempt was made 
to keep the volume of concentrate constant 

t The apparently anomalous negative nitrogen value is an expression of the experi 
mental error in nitrogen measuremenL 

These results show that the membrane which was used to collect bacterio- 
phage m the punfication procedure failed to retain any mtrogenous material 
from the filtrates of cultures of B colt grown in the absence of bactenophage, 
thus auggestmg that the protem previously isolated is different from the 
protein present m autolyred cultures of B coh 
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Properties of the Purified Phage 
Activity and Stability 

While the vanous preparations of purified bactenophage differed some- 
what m their activity, the greater number of concentrates gave a titre of 
about 5 X 10^- active units per cc , with a nitrogen content of about 10~“ 
mg per unit of lytic activity 

In contrast to the marked stabihty of crude bactenophage, which retams 
Its activity for months even when reduced to dryness, the purified phage 
IS very labile, losmg its activity very rapidly even at ice box temperature 
and becommg completely mactive m 3 or 4 days Addition of an equal 
volume of broth to a concentrate preserved the activity somewhat, but 
usually none was demonstrable beyond a week If the preparation was 
dned or mixed with broth and then dned, the dry substance was always 
completely mactive 

The purified concentrated phage is antigenic, givmg nse to antdytic 
antibodies upon parenteral mjection mto rabbits and gumea pigs Formo- 
hzed phage retains its antigenicity However, if the phage is mactivated by 
drymg, even m the presence of broth, as much as a total of 2 50 mg of the 
phage protem mjected m divided doses every other day for a total of four 
mjections mto each of six gumea pigs failed to stimulate the production of 
antilytic antibodies, while 1 80 mg of a similar preparation, but not sub- 
jected to drymg, mjected mto each of six gumea pigs was antigenic m every 
instance 

Chemical Properties 

Two separate batches of 18 hters of phage each (representing a total 
of 2 32 X 10*'* active lytic units) were purified and then dned in a 
vacuum desiccator The dry weight of the combined residues was 13 1 
mg Some of this matenal (12 1 mg ) was analyzed through the kmdness 
of Doctor A Elek of The Rockefeller Institute, whose report was as 
follows 

The sample was dned in vacuo at 80°C to constant weight A sample of 
3 092 mg yielded 5 591 mg CO 2 , 2 182 mg H 2 O, and 0 030 mg of ash, 
which corresponds to C = 49 31 per cent, H = 7 89 per cent, and ash = 

0 97 per cent A second sample of 3 602 mg gave 0 442 cc of N 2 at 25°C 
and 757 mm , which corresponds to N = 14 00 per cent A third sample of 
3 580 mg gave 0 195 mg ammomum phosphomolybdate, which corresponds 
to P = 0 07 per cent ■* 

* It IS of interest to note that the phosphorus content of our purified preparations 
IS quite low (0 07 per cent) while Schlesmger (13), who also worked with a cohphage, 
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The matenal present in the bactenophage concentrate is, therefore, ap- 
parently a protein It contains 14-16 per cent nitrogen, gives positive 
protein color tests, and contains some sulfur The extremely low phos- 
phorus content of the sample analyied by Doctor Elek (0 07 per cent) 
mdicates that the substance as a whole is not a nucleoprotem, the phos- 
phorus probably represents a trace of the phosphate from the medium which 
was not removed by washmg 

Calculalum of Molecular Wetghi 

If a umt of lytic activity is assumed to be represented by one molecule 
of substance, the average molecular weight may be calculated from the 
weight of the particle by Avogadro’s number In the average preparation 
one umt of lytic activity was found to correspond to 10~“ mg nitrogen 
(Table IV) or 6 X 10“'' gm of dry residue (Table V) and, therefore, the 
gram molecular weight is of the order of magmtude of 36,000,000 The 
best preparation (7 X 10““ mg mtrogen per umt of activity), calculated 
as protem, would correspond to a molecular weight of 24,000,000 

Calculalum of ParUde Radius 

With the average wdght of substance correspondmg to a umt of activity 
known (Table V), and assuming that each active umt represents (1) one 
particle, (2) of spherical shape, and (3) of density 1 3,‘ the radius of the 
particle may be calculated 

Weight of particle (grams) = 1 pi JP X 1.3 
Then 

Woght of pMtide In sranu 
IpIlJ 


analyzmg & sample of about 4 mg (tpproxiiiimtely the ume sue as ours) found 3 7 
per cent phosphorus and concluded that he had isolated a nudeoproteim North 
rop (11) vrorklng with a staphylococcus phage, likewise found a hi^ phosphorus 
content (4 8 per cent) and similarly consldeTed it a nucleoprotem However, the fact 
that our purified preparatian contained only 1 per cent of ash is In itself a confir 
mation of the low pho^orus content since in our earlier preparations (1928-1931) 
which were less pure Doctor Elek found 5-8 per cent phosphorus and a correspond 
mgb high oih content (12-30 per cent) in the different preparations 

* The density of the bactenophage partklc has been estimated by vanoos workers 
to be from 1 14 to U (11, 22-24) Smcc both Northrop (11) and Schlcsmgcr (13) 
assumed a densitj of U in adculating partldc radius, we have LTicwise assumed this 
\*alue to faahtate the comparison 
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Substituting m this formula the weight of a particle of an average prepara- 
tion contammg 6 X 10~^^ gm of dry residue per lytic umt (Table V), the 
calculated radius would approximate 22 miUirmcra, and on the basis of data 
for the best preparation (calculated as protem, 4 X 10“^^ gm per tytic unit) 
the particles would have a radius of 19 mihimicra 

Attempts at Purification of Bacteriophage from a Yeast Medium 

As has been mentioned earher, Northrop (11) has been able to punfy a 
staphylococcus bacteriophage propagated on yeast medium by a procedure 
which was essentially the same as that used by him for the purification of 
enzymes Because the procedure is rather comphcated, it is not always 
successful However, durmg the past year Mr Gordon Moore m this 
laboratory was successful m six out of ten attempts in recovermg on an 
average 22 5 per cent of the total activity of the ongmal bactenophage 
(the highest activity bemg 42 per cent in one mstance) by the procedure of 
Northrop (11) 

The fact that we have been able to recover practically 100 per cent of 
lytic activity by a sunple ultrafiltration may be to a large extent due to 
the fact that the bactenophage we used was propagated on a simple com- 
pletely diffusible synthetic medium It was of mterest, therefore, to see 
how effective our procedure might be m punfymg a bactenophage prop- 
agated on Northrop’s yeast medium 

Smce this medium probably contamed some diffusible matter, and since 
the process of purification consisted m collection of the active agent on a 
collodion membrane, it was essential to remove this non-diffusible matenal 
which othermse would be retamed on the membrane together with the 
phage For this reason all the ye 2 LSt extract medium used in these expen- 
ments was ultrafiltered through a 5 per cent coUodion membrane and auto- 
claved before bemg seeded with the bactena to propagate the phage The 
same cohphage was propagated on the B coli P C grown on the ultrafiltered 
yeast medium and purified by collection and washing on a 5 per cent collo- 
dion membrane 

The technique m these experiments i\as exactly the same as has been previously 
described except that all ultrafiltrations ncre carried out in the ice chest to minimize 
contamination of the relative!) rich ) east medium In each case, as a control, a liter 
of sterile ultrafiltered medium from the same batch was similarly concentrated and 
Hashed and the amount of non-diflusible nitrogenous material determined (Table \TI) 
Since there ivas no means of judging vhen the Hashing vas completed, the concentrates 
collected on the membrane vere arbitrarih H'ashed with 2 liters of sterile distilled water 
The results of one of three such experiments with B colt are gi\ en in Table \TI 
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TABUE vn 

ConcaUralion and Partud Punficatton of Cohpha^c fromi east Medium 



SUfik TDcdhuo 
(coatiol) 

Stcterlopbace 

CorrectM T«lao 

Original volume cc 

I 000 

1 000 



Concentrate volume cc 

15 2 1 

21 9 

— 

Phage titro/cc ' 

— 

10» 

— 

Dt 3 vright/cc. «| 

0 5 

1 0 

— 

Total nitrogen w; 

0 26 

1 05 ; 

0 79 

Total dry weight, 

7 6 

21 9 

14 3 

Nitrogen/omt activity tsf 

— 

4 8 X 10-u 

3 6 X lO-’* 

Di> Treight/umt activity mf 

— 

1 0 X io-» 

3 5 X lO-i* 

Nitrogen of dry reiidue, per ccnl 

3 4 

4 8 

5 S 


These results show that hoth the nitrogen content and dry weight per 
unit of activity of phage propagated on the yeast medium (4 8 X 10-“ 
and 1 0 X 10“‘ mg , respectively) are significantly greater than the values 
ohtamed when bactenophage is purified from synthetic medium (1 X 
10-'* mg mtrogen and 6 X 10-“ mg dry residue per umt of lytic activity) 
(Tables I, W, and V) 

Although the yeast medium was subjected to ultinfilLration pnor to 
seedmg with the bacteria, the possibflity that some of the nitrogenous con- 
stituents might undergo aggregation or coagulation during the subsequent 
autodavmg and thus be retamed on the membrane may esplam why some 
material was recovered when the Uter of sterile ultrafiltered medium was 
concentrated as a control However, even when the findmgs for phage 
(Table VII, col umn 2) are corrected by subtracting the values obtained 
from the sterile medium (Table VH, column 1), the mtrogen per unit of 
activity (3 6 X 10-“ mg ) the dry weight per umt of activity (3^ X 10-“ 
mg ), and the total yield (14 3 mg ) are still far greater (Table VH, column 
3) than those obtamed when the same phage is purified from synthetic 
medium (Tables IV and V) Furthermore, the phage recovered from the 
yeast medium is apparently contaminated with a large amount of some non 
mtrogenous material, smce the per cent mtrogen of the dry residue is quite 
low (5 5 per cent) These results mdicate that when yeast medium is used 
for the propagation of cohphage, ultrafiltration is not an effiaent means 
for the punfication of such preparations 

Delervitnaison of Partscle Sae of Bactenophage 

Earher m this study, on the basis of the experimentally determined weight 
of protem per umt of lytic activity, the radius of the active particles has 
hei calculated to be from 19 to 22 miUimicra. This figure certainly repre 




216 


PHRUICATION OF BACTERIOPHAGE 


sents a maximum average size of particle rather than a true average, smce 
the preparation, while considerabty purified, most likely still contamed some 
extraneous matenal Other mvestigators have made attempts to determine 
directl}* the particle size of bactenophage by such methods as ultrafiltra- 
tion through collodion membranes of known porositj’- (25-27), optical 
methods (2S-29), centrifugation (11, 22-23), and rate of adsorption of phage 
by susceptible bactena (30) These authors have all either assumed or 
concluded that a bactenophage suspension is homogeneous, that is, that 
aU the particles m a given stram are of the same size However, other 
workers, on the basis of the difference m diffusion rates of vanous fractions 
of a gi\en phage (5), and on the basis of an observed difference m the 
rate of diffusion of phage m a concentrated as contrasted with a dilute 
suspension (11), have concluded that any one phage must exist as a mixture 
of particles of widely different sizes 

Smce the latter method is apparent!}’ more effiaent m that it permits the 
detection of definite differences m particle size, it was adopted in these 
experiments The technique of Hetler and Bronfenbrenner (15), who first 
apphed to bactenophage the method ongmally descnbed by Northrop and 
Anson (31) for the detenrunation of the particle size of carbon monoxide 
hemoglobm, has been employed m this study 

The procedure consists m measuring the rate of diffusion of bacteno- 
phage through a porous membrane nhose porosity has been standardized 
against a substance with known diffusion rate such as HCl 

The diffusion coefficient “Z?” is defined as the quantity of substance that 
will diffuse across a permeable plane of unit dimensions, m unit time, under 
unit concentration gradient Northrop and Anson (31) expressed it 
mathematically, thus 


iTpta cm.* 
/ day ’ 


( 1 ) 


in which 


Z? = diffusion coeffiaent 
jfv •= diffusion constant of celL 

Q ^ cc. of substance diffused, expressed as a fraction of the original concentration 
t «= tunc in dax s 

The relation between the diffusion coeffiaent, and the radius of the mole- 
cule, has likewise been demed as follows 
If water is used as a sol% ent, at 5°C 

I 14S X io-< on 


r “ 


D 


( 2 ) 
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Thre* diSofiion cells were sUndardlicd by mcasunng the rate ol diffusion through 
them of HCl The standardirations as vrdl os all further diffusion experiments, were 
carried out in the ice cheat at 5 C , and the three cells were found to have the following 
constants (iO Cell I 0 1736 Cell n» 0 1580, and CcU m 0 1367 

The bacteriophage preparations used for measuring the diffusion rate were highly 
diluted so that the final litre was of the same order of magnitude (10^ to 10‘ active lytic 
units per cc.) as that of the ultrafiltrates tested later (Table XI) The bactenophige 
litre of the test solutions was measured by the McCrady (18) method previously de 
scribed- In the experimental determination of the diffusion rate of phage the cells 
were filled with a diluted phage and dipped into 30 ca of the medium of dilution Six 
teen consecutive aamples of the dlffusates from each cell were secured at 30 minute 
intervals- The first four samples were discarded and the remainmg twelve were titrated 
for their phage content. The average of the twdve titrations gave the average number 
of units of lytic activity diffusing m 30 minutes. Since the number of lytic units diffus- 
ing throu^ the porous disc in 30 minutes was rather small, a special method of titrating 
the activity (15) was used Instead of the usual method of tenfold serial dilution The 
30 cc, sample of diffusate was thorou^ly mixed and then added m amounts varjnng 
from 0 1 to 1 0 cc to tubes of broth. Each tube was seeded with a drop of 1 10 dilution 
of an 18-24 hour broth culture of B colt, Incubated at 37® C. and examined for e\'idcncc 
of lysis the next day From each tube which showed no evidence of Ijw one drop was 
dqxralted on a slant freshly seeded with B coh P C, Incubated at 37® C and examined 
for phage action 24 hours later If no lyats was vuible, it was considered that no phage 
was present The concentration of phage in the lest solotion within the cell was so 
adjusted (lO^lO* units per cc.) that the number of onits diffusing in 30 minutes could 
successfully be titrated by this method « e , the end point of the titration (the volume 
representiQg one unit of phage) was between 1 0 and 0 1 cc. of diffasate. 

Each diffusiou experiment with a given phage preparation was earned out twice, 
using three cells simultaneously for each determinatloo, thus resulting m six determina 
lions on each test suspension Below Is described a typical diffusion experiment, 
employing as test solution a Berkcfdd filtrate of B coli phage in synthetic medium, 
dilated In synthetic medium The titrations of the test suspension m duplicate ore 
shown in Table VUI 


TABLE Vm 

Tiirailon in DuphccU of a Tat Suspotvion of CoUphogt in SytUhoiic Medium 


Tab* No 


a 

i 

D 

a 

a 

a 

Cootnl 

Amoont of eriflnal eifltmte, a 


m 

io-» 


m 

m 

m 

0 

Titration A. 

I* 

X 


3 

4 

1 1 

0 

0 

Titration B ' 

X 

I 

5 

4 

2 

‘ 1 

“ 1 

0 


* Dilution not tested 

■f The number refers to the number of tubes (of the total of 5) showing Ij'sis 

From the significant numbers (341 for titration A, and 421 for titration 
B), accordmg to the probability tables (18), 10~^ cc. of the lysate contained 
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an average of 2 5 active lytic units, and its titre was therefore 25,000 active 
units per cc 

The details of the titration of the diffusates of one of tlie cells (cell I) 
are given m Table IX 

TABLE rx 


Details of the Titration of Diffitsatcs of Cell I 



* + “ lysis 
— = no lysis 

Since the total volume of diffusate in the beaker was 30 cc , and on an 

average 0 70 cc contained 1 unit of phage (Table IX), it is clear that 30 - 

0 70, or 43 active lytic units, diffused through the disc m 30 minutes Upon 

the assumption that each lytic unit represented one phage particle, the 

diffusion rate and the particle radius may be calculated The fraction 

diffused (Q) was 43 - 25,000 (onginal concentration of the test solution), 

or <3 = 0 00172 From these data, knowing the cell constant (K), the 

diffusion rate may be calculated by means of equation 1 

„ KQ„ cm * 

D •= ; 

I day 

0 1736 X 0 00172 an.» 

0 020S 

o 0 01436 cm * per da> 
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From the above diffusion rate (D), the average radius (r) of the particles 
IS calculated by means of equation 2 to be equal to 8 mflhmicra as follows 

1 148 X 10-« cm. 

D 

1 148 X lQ-» an. 

“ 001436 

- 79J) X 10-« cm. 

* 8.0zn/i. 

By this procedure the rate of diffusion of both crude and purified phage 
was then measured The test solutions were prepared m the following 
manner 

(yl) Crude CcUphage — B colt P C phage was propagated m synthetic 
medium and filtered through a Berkefeld filter The filtrate was diluted in 
sterile synthebc medium to give a phage titre of 10* to 10* active muts per 
cc. This suspension was used as the test solubon (The results are given 
m Table X A ) 

(B) Purtfied Cohpkage — B celt P C phage propagated in synthetic 
medium was concentrated on a collodion membrane, and purified by wash 
mg as previously described This concentrate was diluted m synthebc 
medium to give a btre of 10* to 10* lybc imits per cc. and this diluted sus- 
pension was used as the test solubon (Table X B) 

It was of mterest to compare the diffusion rate of cohphage with that of 
the staphylococcus phage (JT) used by Northrop (11), but smce the medium 
of suspension was different (staphylococcus will not grow on the synthetic 
medium) it was first necessary to measure the rate of diffusion of the coh 
phage when suspended m the yeast medium to see if the nature of the 
suspendmg medium had any significant effect on the rate of diffusion 
These test suspensions were prepared as follows 

(C) Crude Cohphage tn Yeast Medium — B coh P C phage was propa 
gated ra yeast medium, filtered through a Berkefeld filter, and then diluted 
with sterile yeast medium to give a test suspension with the same phage 
concentrabon as that used when phage m synthebc medium was employed 
(10* to 10* lytic imits per cc.) (Table XdSO 

(D) Crude Staphylococcus K Phage tn Yeast Medium — This test suspen 
Sion was prepared exactly as was the crude cohphage m yeast medium 
(Table X-D) 

The results of these experiments show that the average radius of the 
more rapidly diffuamg phage parbcles m crude cohphage in ^mthetlc me 
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TABLE X 


Dijtiston Rates of Crude Bactcnopbagc Suspensions and Purified Bacteriophage 


Test 

solution 

Cell No 

Cell 

constant 

(^:) 

Total 
units 
phage 
in 30 cc 
diffusate 

Units 
phage 
in 1 cc 
test 

solution 

Fraction 
of phage 
diffused 
col 4 
col 5 
«?) 

Time in 
days 
«) 

Diffusion 
rate eq (1) 
(0) 

A% emge 
diffusion 
rate 

(Avg D) 

Average 
radius of 
particle 
m milli- 
micra eq 

(2) (P) 










mfx 

A 

I 

III 

111 

62,500 

0 00177 

0 0208 

0 01477 




11 


120 

62,500 

0 00192 

0 0208 

0 01458 




ni 


150 

62,500 

0 00240 

0 0208 

0 01577 

0 01461 

7 9 


I 

0 1736 

43 

25,000 

0 00172 

0 0208 

0 01436 




II 

0 1580 

46 

25,000 

0 00184 

0 0208 

0 01398 




in 

j 

0 1367 

54 

25,000 

0 00216 

0 0208 

0 01419 



B 

I 

0 1736 

91 

60,000 

0 00152 

0 0208 

0 01269 




II 

0 1580 

100 

60,000 

0 00167 

0 0208 

0 01268 




III 

0 1367 

107 

60,000 

0 00178 

0 0208 

0 01170 

0 01242 

9 2 


I 

0 1736 

63 

42,500 

0 00148 

0 0208 

0 01235 




II 

0 1580 

70 

42,500 

0 00165 

0 0208 

0 01253 




III 

0 1367 

81 

42,500 

0 00191 

0 0208 

0 01255 



C 

I 

0 1736 

63 

35,000 

0 00180 

0 0208 

0 01477 




II 

0 1580 

65 

35,000 

0 00186 

0 0208 

0 01413 




III 

0 1367 

73 

35,000 

0 00208 

0 0208 

0 01367 

0 01443 

7 9 


I 

0 1736 

86 

50,000 

0 00172 

0 0208 

0 01436 




n 

0 1580 

94 

50,000 

0 00188 

0 0208 

0 01428 




III 

0 1367 

115 

50,000 

0 00230 

0 0208 

0 01512 



D 

I 

0 1736 

81 

42,500 

0 00191 

0 0208 

0 01594 




II 

0 1580 

91 

42,500 

0 00214 

0 0208 

0 01626 




m 

0 1367 

111 

42,500 

0 00261 

0 0208 

0 01715 

0 01614 

7 1 


I 

0 1736 

88 

47,500 

0 00185 

0 0208 

0 01541 




II 

0 1580 

100 

47,500 

0 00211 

0 0208 

0 01603 




III 

0 1367 

115 

47,500 

0 00244 

0 0208 

0 01604 




dium was about 8 mu By similar calculations, the radius of the particle 
of the purified phage was found to be about 9 m/i This very slight dif- 
ference in calculated radius is probably not significant, in view of the 
lability of the punfied phage it is likely that some of the pure phage particles 
diffusing through are mactivated, thus leaving a smaller number of active 
particles in the diffusate, which results in a correspondingly higher calcu- 
lated radius 

The character of the suspension medium apparently has no significant 
effect, since the coliphage propagated and diluted in yeast medium had 
exactly the same rate of diffusion and presumably the same particle size 
as that propagated and suspended in synthetic medium 
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The average radius of the more diffusible partides of the staphylococcus 
phage appears to be somewhat smaller (7 m/t) but of the same order of 
magmtude as that of the cohphage 

However, as has been previously pomted out, Hetler and Bronfenbrenner 
(IS) have demonstrated that, at least m the case of a cohphage propagated 
m broth, any one preparation may consist of particles of widely different 
sizes They have suggested the possibflity that the bactenophage may 
represent a relatively simple chemical substance adsorbed on mert colloidal 
partides of different sizes present in the lysate. Thus, accordmg to them, 
the size of partides calculated on the basis of diffusion rate is referred to 
the size of the vehide partides rather than of the bactenophage proper 
More recently Northrop (11) has found that bactenophage purified by him 
and presumably devoid of extraneous material also consisted of partides 
of different size dependmg on the degree of dilution It, therefore, seemed 
of mterest to ascertam by means of fractional ultrafiltration whether 
partides of different size are present at all times, mdependent of the dilu 
tion 

For this purpose, crude and purified cohphage and crude staphylococcus 
phage were fractionated by ultrafiltration through a thin collodion mem 
brane, and the diffusion rate of the partides present m the ultrafiltrates 
(presumably the smallest partides) was measured The details of the 
preparation of the test solutions are as follows 

(fl) Crude B co/f P C phage m synthetic medium was fcrrced through a 2 per cent 
collodion membrane and the ultrafiltrate, with a litre of about 1(P active lytic units per 
cc. was used for the determination of diffusion rate (Table XI A) 

(6) Staphylococcus phage in yeast medium was rimilariy forced through a 2 per cent 
membrane and the ultrafiltrate which also had a litre of about 10* lytic units per cc, was 
likewise used as the test solution (Table XI B) 

(c) Enough concentrated purified B coU P C phage, from synthetic medium, was 
added to dialyxed yeast medium* to give a litre of 10* to 10*® lytic units per cc and this 
suspension was forced thrmigh a similar 2 per cent membrane, and the ultrafiltrate with 
a titre of about 10* units per cc was used as the test solution (Table XI-O 

The average radius of the particles coming through the 2 per cent mem 
brants was, as was to be expected, quite small, those from crude cobphagc 
bemg about 1 3 m^, those from purified cobphage about 1 9 m/i, and those 
from staphylococcus phage 2 4 m/i Here again the differences between 
the results on crude and purified phage are probably not significant and 
might again be explamed on the greater lability of the punfied phage 

• The purified phtgc was suspended in yeast medium in order to preserve its ectinty 
u much as possible. 
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TABLE XI 


Difusion Rates of UUraJiUcred Crude and Purified Bacteriophage 

3 5 6 7 8 9 


Test 

solution 

Cell No 

Cell 

constant 

W 

Total 
units 
phage 
in30cc 
diffusa te 

Units 
phage 
in 1 cc 
test 

solution 

Fraction 
of phage 
diffused 
col 4 
col S 
«?) 

Tune in 
days 
(9 

Diffusion 
rate eq (1) 

(O) 

Average 

diffusion 

rate 

(Avg D) 

A\ erage 
radius of 
particle 
in milli- 
micra eq 
(2) M 










mp 

4 

I 

0 1736 

111 

12,000 

0 00925 

0 0208 

0 07720 




n 

0 1580 

115 

12,000 

0 00958 

0 0208 

0 07277 




m 

0 1367 

136 

12,000 

0 01133 

0 0208 

0 07441 

0 08539 

1 3 


I 

0 1736 

107 

9,000 

0 01189 

0 0208 

0 09924 




II 

0 1580 

111 

9,000 

0 01233 

0 0208 

0 09366 




m 

0 1367 

130 

9,000 

0 01444 

0 0208 

0 09490 



B 

I 

0 1736 

42 

8,750 

0 00491 

0 0208 

0 04098 




n 

0 1580 

52 

8,750 

0 00594 

0 0208 

1 0 04512 




m 

0 1367 

75 

8,750 

0 00857 

0 0208 

0 05584 

0 04708 

2 4 


I 

0 1736 

42 

8,000 

0 00475 

0 0208 

0 03964 




n 

0 1580 

50 

8,000 

0 00625 

0 0208 

0 04745 




ni 

0 1367 

65 

8,000 

0 00813 

0 0208 

0 05343 



C 

I 

0 1736 

100 

13,000 

0 00769 

0 0208 

0 06418 




n 

0 1580 

107 

13,000 

0 00823 

0 0208 

0 06252 




m 

0 1367 

120 

13,000 

0 00923 

0 0208 

0 06066 

0 06126 

1 9 


I 

0 1736 

59 

8,000 

0 00738 

0 0208 

0 06159 




n 

0 1580 

60 

8,000 

0 00750 

0 0208 

0 05697 




ni 

0 1367 

75 

8 000 

0 00938 

0 0208 

0 06165 




The results indicate that the dimensions of these particles (about 2 m(i 
m radius) are significantly different from those of the whole phage (about 
8 my) and, therefore, demonstrate that the active particles m a given phage 
suspension vary -vvadely m size 

Calculation of Molecular Weights 

If the radius of the particle is known (calculated from the diffusion rate) 
and the density again assumed to be 1 3, the molecular weight may be 
calculated by the formula 

4 

Molecular weight J P* X 1 3 

where R is the radius of the particle m centimeters and N is Avogadro’s 
number (6 06 X 10^ molecules in a gram molecular weight) The molecu- 
lar n eights of the crude and purified phages whose particle radii are given 
m Table X were calculated by this formula For the crude coliphage with 
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radius of about 8 mfi, the calculated molecular weight would approximate 
1,500,000, for the purified cohphage with radius of about 9 mp, the cal- 
culated molecular weight is shghtly higher, namely 2,250,000, and for the 
staphylococcus phage with radius of about 7 rryi, the molecular weight 
would be about 1,000,000 Similarly, the calculated molecular weights 
of the smaller particles which passed through the 2 per cent collodion 
membrane (Table XI) would be crude cohphage — about 7,000, punfied 
cohphage — about 22,000, and crude staphylococcus phage — about 45,000 
The values for sues and molecular weights of different preparations, cal 
culated on the basis of diffusion rates are summed up m Table Xn 


TABLE xn 

Dtffusum RaUs, Calctdaied Radii, and Calculaied Moltcvlor WeiikU of T anouz 
Badenophaie Preparaiions 


T«Tt lolatloe 

1 

Armft 
cnilnxtoo ntt 
cjn.*/tUjr 

CkJcolAUd 

arms* 

ndlos 

CaknltUd 
avaraf ■ mokes 
Ur wsiflit 

Crude colipliage 

0 01461 

7 9 

1 500 000 

Purified colipHftge 

0 01253 

' 9 2 

2 250 000 

Crude itaphyio coccus pbigc 

0 01715 

1 7 1 

1 000 000 

Ultnfiltend (1 per cent coOodioQ) crude ccdlpbage 
tHtiufiltered (2 per cent cotbdkn) crude staphylococcus 

0 08539 

1 3 

7 000 

phige 

0 (M708 

2 4 

1 45 000 

tntrafiltered (2 per cent coEodloo) purified coUphage 

0 06126 

1 9 

22 000 


These figures for radius and moleculax weight (Table XII) are at best 
only approximatiOES, since determination of a radius to a fraction of a 
millimicron is subject to a large experimental error Smce the molecular 
weights vary as the cube of the radu, a small difference m the size of the radius 
would give nse to a relatively large difference m calculated molecular weight 
However, it can be seen from Table XI that the particles passmg through the 
2 per cent membrane, with radius of 1 2 to 2 4 mu, and a calculated molecu 
lar weight of less than 50,000 are of an entirely different order of magmtude 
from those m the whole ongmal phage suspension with radius of 7 to 9 mju 
(Table X), and calculated molecular weight of some one to two million 
These results, as stated carher, mdicate that active particles m any one 
phage differ in size so much os to indicate the simultaneous presence of 
particles of different orders of magmtude. 

DISCUSSION 

While carher studies (1-10) have mdicated that bactenophage might 
be obtamed free of protem, or at least m a form which failed to gi\c protein 
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color tests, recent more exact studies (11-14) concerning the chemical nature 
of bactenophage have mdicated that this active agent represents a new 
type of substance, the so called “heavy protem” with a molecular weight of 
many milhons, smiilar to those isolated from tissues of animals (infected 
with equme encephalomyehtis ( 32 ) and with virus-mduced rabbit papil- 
loma (33)), and plants (mfected with tobacco mosaic virus (32) and with 
cucumber viruses 3 and 4 (34), with potato virus “X” (35), and with tomato 
bushy stunt virus (36)) 

The present studies on the concentration and purification of a cohphage 
by means of ultrafiltration have resulted m the isolation of a substance con- 
taimng approximately 15 per cent of nitrogen, givmg positive color tests, 
and therefore presumably a protem, and retammg all the activity of the 
ongmal lysate In this product there was five to ten times less nitrogen 
per umt of lytic activity (10"“ mg ) than was found by Schlesmger (13) 
for a cohphage and by Northrop (11) for a staphylococcus phage If each 
unit of lytic activity is assumed to represent one molecule of protem, the 
molecular weight calculated from the weight of dry residue per umt (6 X 
10~” gm ) would be approximately 36,000,000, and the calculated radius 
of the molecule about 20 milhmicra These dimensions correspond quite 
well wth the heavy protem previously mentioned 

However, earher studies (Hetler and Bronfenbrenner (15)) have demon- 
strated on the basis of the measurement of diffusion rate that bactenophage 
may exist as particles with a radius of the order of magnitude of 1 milli- 
micron and a calculated molecular weight below 100,000, which possess all 
the properties of the ongmal active agent These findmgs were confirmed 
m the present study Measurement of the diffusion rate of particles of 
purified phage m dilute solution demonstrated the existence of particles with 
an average radius of about 9 miUimicra correspondmg to a molecular weight 
of about 2,250,000 Smce the concentrated, purified phage may not be 
completely free of mert matenal, the dimensions calculated from the total 
weight of matenal per umt of activity probably represent the maximum 
limits of average size rather than a true average On the other hand, cal- 
culation from the measurement of diffusion rate probably gives dimensions 
that are somewhat low, smce any environmental influences that increase the 
motion of the particles would tend to give a higher rate of diffusion than 
actually exists, and consequently a lower calculated value for particle size 
Furthermore, when diffusion rates are measured, employing a suspension 
contammg particles of vanous sizes, the measured dimensions do not 
represent a true average, but the average of the parUcles which diffuse 
faster, le, the smaller particles Thus, calculations of the radius of 
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partide from weight give a value that is too high (20 milhmicra), while those 
from measurement of the diffusioii rate tend to give values that are too low 
(9 millirmcra), and the true average size probably hes somewhere between 
these two values 

However, our studies mdicate, as Hetler and Bronfenbrenner (IS) ha\ e 
demonstrated earher, that m addition to these larger parbcles there are 
present also active particles of an entirely different order of magmtude. 
If the purified phage is fracbonated by ultiafiltration through a collodion 
membrane which permits the passage of only the smaller particles, and the 
average size of the particles m this ultrafiltrate is measured on the basis 
of their diffusion rate, the average radius of the particles diffusing m this 
case IS found to be about 2 milhmicra, correspondmg to a molecular weight 
of about 25,000 This figure is significantly different from the one obtained 
usmg purified but unfractionated phage, and may be taken as mdicatmg 
that the active agent is distributed as particles of widely different size 
Smce the smaller particles possess the characteristic activity of bacterio- 
phage, It seems that m calculatmg molecular weight it is more appropriate 
to take as a basis the smallest particle ezhibitmg the lytic property of the 
agent The larger particles must then be either aggregations of the smaller 
particles which dissoaate on dilution, as suggested by Northrop (11), or 
they represent mert protem to which a small molecule of the active agent 
IS adsorbed, as suggested by Bronfenbrenner (20) In either case, the 
molecular weight of the active agent should not be calculated on the basis 
of the size of the largest particles, but on the smallest ones Our results 
suggest that the small particles exist at all times and do not necessarily 
appear as a result of dilution, since both sets of experiments (those with 
the whole phage and those with the ultrafiltered fraction) were earned out 
with relatively dilute suspensions, the purified phage havmg about 20,000- 
60,000 active urdts per cc., while the ultrafiltrate of the purified phage had 
about 9,000-13,000 active lytic units per cc. If, as Northrop suggests, 
the presence of smaller particles is due to depolymenzation taking place on 
dilution, It would seem probable that this depolymerization would have 
occurred by the time the phage was diluted 100,000,000 tunes from its 
ongmal concentration of about 5 X 10“ to about 5 X 10* umts per cc. 
present m the matenal used m detenninmg the diffusion rates of the whole 
phage, and that no more depolymenzation would be expected to take place 
on a relatively shght (fourfold) further dilation from 40,000 to 9,000 active 
umts per cc. Therefore, it is unlikely that the large particles represent 
aggregates which may be dissociated by dilution (smce the size obtained 
by simple dilution is not the same as that obtained by fractionation by 
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ultrafiltration), but rather that they may consist of mert colloidal protem 
earner particles to which the smaller active molecules of phage have been 
adsorbed The calculated molecular weight of these smaller particles of 
phage (about 25,000) is well mthm the order of magmtude of that of pro- 
tems but, of course, of much smaller size than the heavy protems previously 
mentioned Whether these smaller particles actually represent free mole- 
cules of the active agent cannot be decided at present, although from a con- 
sideration of their small size and low calculated molecular weight it is 
possible that the}'^ do represent such free molecules 
It IS mterestmg to note m this connection that Topley and Wilson (37) 
(1937) consider the relativ^e uniformity of size among active particles of a 
given stram of bactenophage as evidence m favor of the microorganismal 
nature of the agent \\^e a discussion of the hvmg nature of bacteno- 
phage IS outside of the scope of this study, it should be pomted out that our 
findmgs contradict the assumption as to umfonnity of size of particles, 
although not necessarily the hvmg nature of phage It must be admitted, 
however, that while the results of this mvestigation contnbute no direct 
evndence to a solution of the problem of whether phage is or is not a hvmg 
organism, it is rather difficult to unagme a relatively simple substance of 
molecular weight of only about 25,000, uhich probably represents but one 
protem molecule, to be a hvmg orgamsm 

SUMMARY 

A simple method of concentrating and punfymg bactenophage has been 
desenbed The procedure consisted essentially m collecting the active 
agent on a reinforced collodion membrane of a porosity that would just 
retam all the active agent and permit extraneous matenal to pass through 
Adv antage was taken of the fact that B coh mil prohferate and regenerate 
bactenophage m a completely diSusible synthetic medium with ammonia 
as the only source of nitrogen, which permitted the purification of the 
bactenophage by copious washing 

The matenal thus obtamed was concentrated bj^ suction and after 
thorough washing possessed all the activity of the onginal filtrate It was 
labile, losing its activnt} m a few days on standing, and was quickly and 
completely mactivated upon drj'ing This matenal contained approxi- 
mately 15 per cent of nitrogen and mth 2 or 3 mg samples of inactive dry 
residue it was possible to obtain positive protem color tests 

The concentrated and punfied bactenophage has about 10-'< mg of 
nitrogen, or 6 X 10“>‘ gm of protem per unit of lytic activity Assuming 
that each umt of actmt} represents a molecule, the calculated maximum 
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average molecular weight would be approximately 36,000,000, and on the 
assumption of a sphencal shape of particles and a density of 1 3, the calcu 
lated radius would be about 22 miUumcra 
By measurement of the diffusion rate, the average radius of particle of 
the fraction of the purified bacteriophage which diffuses most readfly 
through a porous plate was found to be of the order of magmtude of 9 mlTli 
imcra, or of a calculated molecular weight of 2,250,000 Furthermore, 
when this purified bacteriophage was fractionated by forcmg it through a 
thin collodion membrane, which penmts the passage of only the smaller 
parbcles, it was possible to demonstrate m the ultrafiltrate active particles 
of about 2 millimicra m radius, and of a calculated molecular weight 
of 25,000 

It was of mterest to apply this method of purification to a staphylococcus 
bacteriophage Smce this organism does not readily grow m synthetic 
medium, a diffusate of yeast extract medium was employed The better 
of two preparations contamed about 10^“ mg of nitrogen per umt of lytic 
activity Although this is about one hundred tunes the amount of mtrogen 
found m an active umt of B colt bactenophage, nevertheless, the diffusion 
rate experiments gave results which paralleled those obtamed with the 
cohphage The diffusible particles of the crude staphylococcus bacteno- 
phage had a radius of about 7 miHimicra, and a calculated molecular weight 
of about 1,000,000, while the particles of the same phage which appeared 
m the nltrafiltrate through a thin collodion membrane had a radius of 
about 2 4 millimicra and a calculated molecular weight of about 45,000 
It appears, therefore, that the active prmaple is distnbuted as particles 
of widely different sizes However, smce the smaller particles have all 
the properties of bactenophage, the larger particles probably do not repre- 
sent free molecules, but either are aggregates, or more likel>, inactive 
colloids to which the active agent is adsorbed 
The protem isolated, which bears the phage activity, is capable of stimu 
laUng the production of antilytic antibodies on parenteral mjection into 
rabbits or gumea pigs It retains Its specific antigematy when inactivated 
by formahn, but not when mactivated by drymg 
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THE FLICKER RESPONSE CONTOUR FOR THE FROG 


Bt W J CR02IER AND ERNST WOLF 
{From the Bxoloncal Laboraiorta, Eartard Unnemiy, Cambndi^ 

(Received for publicutioii) September 28 1939) 

I 

The determiBation of the flicker reponse contour for amphibians is of 
Interest for several reasons In typical frogs the proportion of retinol rods 
to cones la fairly high, though not so large as m some fishes or m man The 
presence of “double” cones and certain other features of the retina pomt 
to the possibiUty of comphcations m the data of visual performance A 
good deal of mfonnation about the exatabihty of the frog^s eye and visual 
system is already available In the newt Trtturtis^ the curve of log cntical 
intensity as a function of flash frequency has already been shown to possess 
some unusual aspects We have made observations with several kmds of 
frogs and toads, homogeneous data have been obtamed with Rana piptcns^ 
defining what may be taken to be the typical form of the F — log I contour 
for these Anurans We have not been successful m observing responses 
to flashing light suitable for analytical work with vanous tadpoles tested 
The apparatus and the general procedure were the same as earher described* 
m accounts of studies with a vanety of other animals 
With vanous fishes, TnluruSt and man, all possessing both rods and cones, 
the F — log I curve (band) shows a manifestly duplex constitution * * This 
is also found for Rana The proportionate contributions of “rod” and 
“cone” elements to the composite curve, in relation to the numbers of rods 
and of cones, give mfonnation respecting certam aspects of the duplenty 
theory 


n 

Rana ptpiens from Vennemt ibout one year old or more, were used In the spring and 
early summer These frogs had been collected during the previous summer and autumn 
and stored In cages m a pond They were kept in the laboratory for about one week 


* Data to be pmbbsbcd elsewhere cf Proc Nai Acad Sc , 1938, 24, 125 
*7 Gen PAy«(J , 193S-36 19, 495 1936-37, 20, 211, etc. 

•7 Gen PAyna/ , 1936-37 20,411 1937-38 21, 17 203 313 1938-39,22,463 487 
Proc Nai Acad Sc, 1938, 24, 125 ^ 
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before the observations began From a lot of twenty-five, six frogs were selected on t 
basis of small size and reactnity These six were then kept individuallj m number 
jars on moist sphagnum, and fed at intervals w ith Teneino larvae For the obserx atio 
each frog was put into a small thm-glass crj^staUizmg dish covered by a watch-gh 
held on with adhesive tape These dishes fit mside the rotating stnped cylinder in t 
apparatus Tests were made after a mmimum of 0 5 hour dark adaptation in a thenr 
stat at 21 5°C and with a flash cycle m which light mtervals and dark mtervals we 
equally long 

Data were secured at fixed flash frequenaes (F) by increasing the intensity (I) 
lUurmnation until the threshold response w'as evidenced. The converse test,^ made 1 
keeping I constant and decreasing F from a high level until establishment of the relatu 
between F and I cntical for response to recogmtion of flicker, results with these fro, 
m either a failure to show recognizable response or m an erratic response at a very mu( 
lower F than tests of the reverse kind show to be appropriate This is undoubtedly t 
effect of exposure to light 

With F fixed, mcrease of 7 from 0 or a very low level leads to a reaction which consis 
m a sudden straightemng up of the body, this may or may not be accompanied by ho] 
ping m the direction of the movmg stnpes, or against this direction In most cases on] 
one such movement is made Thereafter the frog remains m a state of tome immobiht; 
In some individuals there occurs at the threshold of response a movmg of one or hot 
front legs, and occasionally a jumpmg toward the movmg stnpes 

When the mdividual is in the state of tonic immobihty we have referred to, subsequer 
to a threshold response, or foUowmg exposure to light m the apparatus, an attempt t 
repeat the reaction at threshold is fruitless Even when the frog is touched or pushe 
to a new position hardly any response can be induced Only a penod of confinement t 
darkness or a decrease of F to less than 5/sec , even w ith the highest intensities of light 
wall bnng the animal out of its non-reactive state Only in exceptional cases arc tw' 
or three successiv e responses obtainable without arousing the frog from immobility 

There seemed to be no detectable diurnal cycle of responsiveness in these frogs, bu 
with increasing duration of residence in darkness at any time of day the reactiveness ti 
flicker is notably decreased This was the basis for the practice employed of not con 
tmuing observations beyond 1 or 2 hours confinement in darkness The frogs weri 
then returned to the light 

These difficulties of observation led as a practical matter to the restnction of tb( 
e.xpenment to the use of six individuals One of these was lost after eight sets of read 
mgs had been secured In Table I, therefore, the values of J„ are for these eight set; 
based on eighteen observations each, for the other entnes on fifteen, three readings wen 
taken on each individual at each F Table I contains three values of I„ based upor 
preliminary e.xpenments, these are enclosed in parentheses, and in Fig 1 they arc 
distinguished by tags 

A vanable analysis® of the mchvidual measurements shows that the six (five) frogs 
of this lot were essentially equivalent Their respective rank-order positions as regards 
excitability are distnbuted in an entirely random way 


Gen Pkys^ol , 1936-37, 20, 211, 363, 1938-39, 22, 311, 555 
®C/ J Ger Physiol , 1935-36, 19, 503, 1936-37, 20, 211, 363, 411, 1938-39, 22, 311, 
etc. 
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Inspection of the relationship between and F (Fig 1) shows that 
log /„ as a function of F is in the main a sigmoid curve nsmg to a TumniniiTn 
F at a httle above F — 40 At its lower end there is a comparatively small 
“swelling” on the tail of this curve This corresponds to the rod part of 


TABLE I 

Log mean cntical fl ash intensity (rnffliTamherti) w flash frequency (F, per sec.) Rana 
pipietis 21 5®C Prelhninary values m parentheses 
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as a function of illumination It is moreover resistant to the action of 
mstilled atropme or pilocarpme We have made determinations of critical 
lUummation at several flash frequencies under these treatments, but found 



Fig 1 Log mean cntical intensity as a function of flash frequency for Ram pipicns 
Data in Table I, points w ith tags arc preliminary, as indicated in Table I (The curves 
at the lower left are discussed in the text ) 


no divergence from the normal In addition the form of the curve at the 
lov mtensity end is not the same as in the gecko case 
As vnth the data on man and Trtturus the upper, larger portion of the 
cur\e IS ^er}' veil desenbed by a probabihty integral (Fig 1) while the 
lower part cannot be directlv so desenbed m a satisfactory way The lower, 
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“rod” part of the contour overhes the “cone” curve and its ordinates are 
added thereto The separation of the rising and falling branches of the 
“tod” contnbubon by subtraction of the extrapolated probabihty inte- 
gral for the “cone” part’ is shown m Fig 1 The rising and declining 
part of the “tod” curve as drawn are each probabihty integrals The 
summation of these curves with that for the “cone” segment accurately 
reproduces the course of the data 

It has been pomted out* that the declme of the contribution to the curve 
denved from “rod” exatations can perhaps be understood as due to the 
(central) inhibition of rod effects m consequence of cone exatations It is 
not mconsistent with this view that the maximum F values which have to 
be taken for the rismg and the dechnmg rod curves respectively (Fig 1) 
are not the same, the nsmg branch is apparently cut off before it reaches 
Its maximum level It is recogmxed, of course, that the “rod” section of the 
frog curve is so dimmutive that no emphasis should be placed upon mmutiae 
of Its analysis 

Unlike the curve for Tniurus,' there is no mdication m Fig 1 of more 
than two groups of elements of effect revealed in the F — log 7 contour 
for the frog 


IV 

In considering the variation of critical mtensities as obtamed m homo- 
geneous measurements it has been found that and the dispersion of h 
are in simple, direct proportion for those cases m which only one class of 
elements or uidts of sensory effect are imphcated This is the case for 
arthropods,* even when mechamcal conditions of peripheral photoreception 
brmg about a distortion of the shape of the F — log I curve. It is also 
found for the turtle Pzmdmtys'‘ and for the gecko Spliaerodaciyltis m 
these forma we have to do with only one general class of retmal elements 
(cones, rods, respectively) For vertebrates m general, exhibitmg the 
typically duplex form of flicker response contour, a graph of log Pd2 u, vs 
log Im IS found to exhibit a lower band of direct proportionahty breakmg 
at an intermediate mtensity to a band of lower slope ’ The intensity level 
at which this break appears is that at which the putative rod effects are no 

’ J Gen Pkysiol 1936-37 20, 411 1937-38, 21, 17, 203 313 1938^9, 22, 463 

• J Gai Pkysi<d 1938-39 22, 463 

• J Cm Pkynel , 1935-36 19, 503 1936-37 20, 363, 393 1937-33 21, 223 463 
1938-39, 22, 451, 795 1939-40 23, 1 

'"7 Gen PAjiwrf 1938-39 22,311 

“ J Gen PkyM , 1938-39 22, 555 
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longer involved The measurements at intensities higher than this k 
can be shown” to follow the law of direct proportionality between I„ j 
P E u,, but with an ongin different from that for the zone of lower 
tensities That is, for the purely cone part of the function we hi 
(Im + const ) = (P E i/j) In a number of the cases studied the trai 



Fig 2 Relation between log I„ and log P E uj m Table I Only for the lower pa 
IS the proportionalit> of and P E i simple and direct 

tion level, below which ve have simply = k PE u,, is at so high a 
mtensity that only a small range of uncomplicated cone effects is available 
For the new t Tnturus^ the transition is at a comparatively low intensiP 
With Rana it occurs at an even lower intensity Fig 2 shows that belo 
log / - 3 4 (or a little higher) we have log and log P E i,, in dirci 

1-0/ J Gen Physiol, 1937-38, 21, 203, 1938-39, 22, 463 
”/ Gen Physiol, 1935-30, 19, 503 
Gen Physiol, 1938-39, 22, 463 
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proportion with a slope of 1 Above this intensity a different relationship 
obtains Fig 3 shows that log (/« + 0 00646) and bg PfE i,, are recti 
linearly related with a slope of 1 It is scarcely to be taken as acadent that 
log 0 00646 ■= 3 81 13 precisely at the level (Fig 1) at which the rod effects 
fade out completely 

One significant pomt to wbch we may agam call attention m this con 
nection is that if /« and PJL i,, are directly proportional, so that the 
relative variation of /i is constant, we can say that P E i„,,, is constant 
But for the uncompUcated cone portions of these flicker response contours 



Flo 3 In the higher intensity nmge P E u, a directly proportional to (/» + 0 00646) 
See text 

the relative variation of / is obviously not constant, hence P E i cannot 
be constant This has a definite beanng upon the decision as to whether I 
or log I is the proper variable to employ as an index of exatabflity For 
various reasons we have been led to the conclusion that while dF/rflog I 
gives as a function of log I, a frequency distnbution of effects produced, 
the frequency distnbution of momentary thresholds is given by —dF/dl " 
These considerabons indicate that the cntical mtensity, not its loganthm, 
is to be used for the analytical mdex of exatabihty , on this basts, for ciam 

“ C/ Ptk Nat Acad Sc^ 1937, 33, 71 1939, 24, 78, 171 J Gan Physiol, 1937-38 
41, 313, 463, 1938-39, 44, 311, 487, 795 
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pie, the behavior of the exatabihty as a function of temperature and of the 
hght-time cycle fraction can be consistently accounted for 

V 

Curves of visual performance as obtained from typical vertebrates exhibit 
two distmct parts or sections Such animals are known to possess retinal 
rods and cones It is shown m several different ways that these two seg- 
ments must be considered to possess distmctive physical charactenstics 
As has been emphasized, however, this merely allows us to conclude that 
we are dealing with two distmct groups of elements of sensory effect We 
are not required, or even allowed, to deduce that these two groups represent 
the properties of rods and cones in any direct way We have for one thing 
the demonstration that a gecko“ with rod retina and turtle'” with cone 
retma provide (simplex) performance curves almost identical with respect 
to form and position on the mtensity axis 
The F — log / contour for Rana is quite similar to that for the newt 
TrtluruSy^ save that in the former (as already noted) there is no mdibation 
of a third group of elements The curve for the frog attains a shghtly 
lower maximura F {Ram, 40 5/sec, Tnturtis, 43 7/sec) The curves — 
at the same temperature 21 5°, and with 50 per cent hght-time in the flash 
cj'cle — cross twice, at the high F end and also near F = 7 The abscissa 
of mflection (log / ini ) of the cone curve is lower hr Rana (log I = 2 81) than 
for the newt (log 1=1 72), and c'uej is higher The “rod part" is defi- 
nitely smaller for the frog 

By a procedure diflfenng from ours m certain essentials Birukow'^ obtained 
a flicker response curve for Rana iemporaria Under conditions of long 
hght adaptation his curve is not duplex and nses to a flat maximum at 
F = (i That under light adaptation the curve is depressed from that 
shown m Fig 1 we can confirm But we are also convinced that ivith 
prolonged light adaptation the state of tonic immobility to which we have 
referred (section II) makes it difficult to secure valid readings On the 
other hand, agam employing reactions to movement of a striped cylinder 
surrounding the animal, Birukow obtained data'* on “visual acuity” for 
threshold response which provide an interesting parallel wth our F — log / 
band m Fig 1 These data {\/{vtsual angle) vs log /) show a slowly using 
section up to about log 7 = 26, followed by a steep nse up to about 
log / = 10 (milhlambert units) By means of tests with colored stupes 
Birukow'* was able to satisfy hunself that color vision is demonstrable for 

J* J Gen Phsiol , 1936-37, 21, 411, 1937-38, 21, 17, 313, 1938-39, 22, 463, 487 
" BiniLow, G , Z lergletch Physwl , 1937, 26, 92 
'* Bmikow, G , Z lergleich Phys\ol , 1939, 27, 41 
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red and blue above 0 04 lux (= 0 0036 ml , log = 3 23), with a mixture of 
effects due to photopic and scotopic vision between 0 04 lux and 30 lux 
(t e , between log I (ml ) = 3 J3 and 0 186) One cannot be certain of the 
physical significance of results based on the use of colored papers The 
temperature is not given, so that although the level 0 04 lux is precisely m 
the “angle” (log / = 3 23) of our curve m Fig 1 the exactness of the cor 
respondence is possibly fortmtous 

The proportion of rods to cones is approximately 2,3 1 m the thickened'* 
(? pseudofoveal) region of the frog retina, m more peripheral regions ca 
3 3 1" Nevertheless the rod contnbutions to the F — log 1 curve (Fig 1) 
are the smallest, absolutely, thus far recognized with any vertebrate exhibit 
mg visual duplexity • In a similar way the dark adaptation contour for 
the frog's eye (as deterrmned from the progressmg mcrease of electncal 
response) shows’* a proportionately much enlarged “cone” segment by com 
panson with that for man (rods cones = about 23 1) It is to be remem 
bered, however, that m the present experiments a hght/dark ratio of 1 
was used, and that the rod and cone contnbutions may behave differently 
as a function of changes m this ratio, as found for Enneacanlltus n This 
alone would mtroduce comphcationa m any attempt to correlate numbers 
of retmal elements with the response to flicker In Futuitiliis, where the 
rod cone ratio is ca 2 1,” we find the “rod” part of the flicker reqionse 
contour to be three times as great as m the frog 

stnotASY 

The flicker response contour for the frog Rarm fnpims exhibits the duplex 
character typical for most vertebrates By comparison (under the same 
conditions of temperature, 215°, and hght time fraction, ■» 0 5), the low 
mtcnsity section of the F — log I curve is the smallest thus far found 

The cone portion of the curve is satisfactorily described by a probabflity 
mtegral The rod part represents the addition of a small group of sensory 
effects upon the lower end of the cone curve, from which it can be analyti 
cally separated 

The relation between the two groups of sensory effects permits certain 
testa of the rule accordmg to which (m homogeneous data) /» and tri,, are 
m direct proportion 

'* CUeidU, J H Arch Anai a. Pkysid , Anal Abl 1891, 311 
Riggj, L. A J Cca and Camp PAynirf , 1937, 8, 491 

“/ Gan PAyjwJ, 1937-38, ai, 313 

“ Butcher, E O , 1938, J Eip Zad , 79, 275 
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All the synthetic detergents and bile salts I have tried denature protems 
such as hemoglobin and egg albumin at the isoelectnc pomt' and keep the 
denatured isoelectric protein m solution Some detergents m sufficiently 
high concentration can prevent the precipitation of denatured protein by 
tnchloracetic add, tungstic aad, and aad feme sulfate In fact, the 
ongm of the present mvestigation was the observation that a detergent 
used to dean test tubes containing hemoglobm preapitated by tnchloracetic 
add dissolved the preapitated hemoglobin 

The synthetic detergents and the bile salts all have the same general type 
of hydrophobic hy drophihe structure. Each consists of a large hydrophobic 
part with a small hydrophihe part attached to it. The detergents are 
extremely surface active and their hydrophobic groups can combme with 
hydrophobic partides to give these partides a coatmg of hydrophihe groups 

Smee the synthetic detergents and bile salts differ widdy in their specific 
chemical structures, the denaturation of proteins and the solution of dena 
tured protem by synthetic detergents and bile salts must be attnbuted to 
the one property these compounds have m common, their type of hydro- 
phobic hydrophihe structure 

There is a great variety of synthetic detergents availahle commercially 
partly because each type of detergent is patented and partly because by 
variation m the specific structures of the detergents, detergents have been 
developed which are particularly smted for specific mdustrial uses A1 
though the synthetic detergents were otigmally mtroduced as soap sub- 
stitutes their industrial uses are now very vaned As soap substitutes and 

• A brief tccoimt of denaturation by detergents was publiabed in Science (Amon, 
1939) 

I The iaociectric point of a protein is neocssariiy changed as a resuit of combinauon 
of the protein with a detergent, to what eatent is not yet known. 
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as protein reagents the ^-nthetic detergents tave the great advantage of 
being soluble in neutral and in most cases in add solution 

The great dinerences betrreen the specific structures of the different 
detergents are shoTm b}' a brief description of the detergents I have used 
Unfortimateh' the manufacturers do not m all cases give complete chemical 
information about their products 

The Duponols have the general structure’^CHj(CH;)aCH.OSOzlS’a 
Diiponol 80 is the sodium salt of the sulfunc add ester of octyl alcohol 
Duponol Special WA paste and its dr^' form, Duponol !ME di^’-, consist 
mainl}' of the C 22 compound vrhich is called sodium dodecjd sulfate Dupo- 


TABLE I 

Atko tnioj DdiTgerJ or B It Sail Netdtd to Dmilurs 10 Mg Bc^ Mtikcmoglohn 

JR 10 Cc of pH 6 8 Sol dion 




Araount of 
dtsi.tart2t 

Drp^o'' Spedd Vr.4 part: 

Dn Pont 

ft 

2 

Tlapaziol PC 

Du Pont 

2 

Izzpozi .AP er. coac. 

General Dj-estuSs 

2 

.Arctic 21 sslt htt 

Colgate 

3 

isacccaol 2CPISF 

llonsanto 

5 

Ircpn T pc— ccr 

Genera] Djertufis 

6 

Q3 . 

Du Pont 

10 

.AkvscI OT 

American Cjanamid 

12 

DcpcccUO 

Du Pont 

20 

Sciicrc g.7ccc!at5 

Merck 

25 

Scared taarcaholat: ptr ceat) 

3Ierck 

25 


nol PC is a dried mixture of the Ch-Cje compounds from vrhich the imes- 
terified free alcohol has been removed The Duponok vnth less than eight 
carbon atoms are not effective detergents The Duponols vnth ver^' long 
fatb' aad rhp.ins are insoluble m -n-ater In the QB compound the COOH 
of the fatff * aad has been replaced by a basic nitrogen group, m the Igepons 
bv a true suh'onic add group Xacconol Aerosol, and Tnton are hLewise 
sodium salts of suh'onic aads Then hydrophobic parts all contam rmg 
structures Tnton is pecuhar in that its h\ drophobic part contams carbon 
atoms joined by ether Imlages Sodium gl\ cholate is glyone conjugated 
to a sterol add. 

As shorn in Table I the exact amount of detergent needed to denature 
beef methemoglobin in neutral solution varies from one detergent to 
another. V.liat is striking is that in all cases the amount required is 
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extremely small All the other substances which have hitherto been shown 
to denature neutral isoelectric hemoglobm act only m much higher con 
centration Thus 8 ii urea denatures hemoglobm slowly whereas 0 0008 u 
Duponol PC denatures hemoglobm rapidly ' 

Of the substances hitherto shown to denature neutral hemoglobm salicy 
late IS the most effective (Anson and Musky, 1934) Sahcylate has a 
hydrophobic hydrophihc structure but the hydrophobic part is much smaller 
than m substances with marked detergent properties It would be mterest 
mg to test derivatives of sahcylate m which the hydrophobic part has been 
made larger 

In the experiments summarized m Table I the concentration of hemo- 
globin is 1 mg per cc. If more concentrated hemoglobm is used then more 
concentrated detergent is needed for denaturatlon This means that when 
just enou^ detergent is added to btmg about denaturatlon a large part 
of the detergent is combmed with the protem 

The denaturatlon of methemoglobm m dilute solution by the vanous 
detergents is followed optically Native methemoglobm is a brown com 
pound with a band m the red Denatured methemoglobm is a red com 
pound with no band m the red 

The red color of denatured methemoglobin In Duponol PC solution does 
not change with time and Is the same whether the Duponol PC is added to 
methemoglobm or to oiyhemoglobm Thus the esbmation of hemoglobm 
as denatured methemoglobin in Duponol PC is more satisfactory than the 
usual estimation of hemoglobm as aad hematin 
The denaturatlon of hemoglobin by Duponol PC can also be followed by 
solubihty and digestibUity tests Denatured but not native hemoglobm is 
preapitated by 0 1 saturated ammonium sulfate and is digested by tiypsm 

Previous Experiments wUh Detergents 
Viruses — Sreemvasaya and Pirfe (1938) found that sodium dodecyl sul 
fate sphts the large tobacco mosaic virus protem mto smaller pieces and 
separates the protem part of the conjugated protem and the nucleic aad 
The splitting is still mcomplete several hours after a 1 0 per cent solution 
of crystalline sodium dodecyl sulfate is added to an equal volume of 1 0 
per cent virus protem even at pH 8 0 At pH 7 0 the reaction is much 
slower still 

If Duponol PC is added to mosaic virus under the conditions descnbed 
m Table I the virus is qmte stable although methemoglobm under the same 
conditions is denatured in less than a minute It may be that the \ iruses 
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m general are more resistant to synthetic detergents than ordmary proteir 
and that the detergents can therefore be used for the separation of virr 
protems from ordmary protems 

Sreemvasaya and Pine observed further that tobacco mosaic protei; 
spht by sodium dodec}d sulfate and then dialyzed is precipitated by 0 
saturated ammomum sulfate m which the native protem is soluble but i 
not digested by trypsin which digests denatured but not native \aru 
protem When the dialyzed protem is repreapitated several tunes i 
becomes preapitable by ammomum sulfate m still lower concentration anc 
becomes digestible by trypsin Sreemvasaya and Pine concluded fron 
these observations that tobacco mosaic protem is not denatured by sodiun 
dodecyl sulfate but that the protem part of the virus when separated froir 
the nucleic aad part is less stable than the mtact conjugated protem jusi 
as globm is less stable than hemoglobm and the prosthetic protein of the 
yellow enzyme is less stable than the yellow enzyme 
The evidence that tobacco mosaic virus is not denatured by sodium 
dodecyl sulfate cannot as yet be considered as conclusive 
Extraction of Visual Purple and Chlorophyll — Bile salts have been used 
to extract the photosensitive pigment protem of the eye (Ktihnc, 1879) and 
to extract a chlorophyll compound from the chloroplasts of spinach (Smith, 
1938) I have found that detergents such as Duponol PC extract chloro- 
phyll much more effectively than the bde salts It is now clear, however, 
that when bile salts and detergents are used to extract a protein, the protein 
extracted may not be m its ongmal native imdissociated form 
The visual purple extracted by bile salts has some of the properties of 
visual purple m the eye (Kuhne, 1879) and it can be modified by denatura- 
tion procedures (Wald, 1935) This is evidence that visual purple is 
resistant to denaturation by bile salts It is possible, however, that visual 
purple m the eye is a heavy weight protem sumlar to the tobacco mosaic 
virus The effects of detergents and bile salts on visual purple are now 
bemg studied by Wald 

Because of their great penetrating and solvent powers the detergents 
will surely be used for the extraction of many biological substances It will 
be important m each case to discover whether the substance extracted is 
modified by the detergent 

Physiological Ejects of Bile Salts —Bile salts emulsify fat, activate hpasc, 
promote the absorption of vanous substances, and stunulate the flow of 
bile (Sobotka, 1937) All substances with the detergent type of hydro- 
phobic-hydrophihc structure can emulsify fats It may be that the bile 
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salts are simply biological detergent molecules whose specific structures 
are of secondary importance 

LySiS and Baclenctdal Adunt — The lysis of red blood cells and the lollin g 
and lysis of bacteria by detergents and bile salts have often been studied 
Some of the widely used bactenadal agents, such as heiylresorcmol, 
have the detergent type of hydrophobic hydrophihc structure 
Detergents of the Duponol senes prevent the growth of Gram positive 
bacteria even when the concentration of detergent is only 0 03 per cent 
(Cowles, 1938) Under the same conditions the growth of Gram negative 
bactena is not prevented 

I have found that if enough Duponol PC is added to red blood corpuscles 
not only are the cells lysed but the hemoglobm is denatured It is likely 
that a detergent has some effects on both red cells and bactena even when 
too htUe detergent is added to cause lysis and that if an excess of detergent 
is added to bactena there is denaturation of enzyme proteins, some of which 
(White, 1938*), may be necessary for lysis In studymg the poisonmg, 
kilhngi and lysis of bactena by detergents it is desirable, therefore, that the 
detergent be added m a whole senes of concentrations and not m only one 
concentration as is often done The effects of detergents on bactena are 
now bemg exammed m detail by Dubos 
So fat as I know there has been no systematic study of the tonaty and 
bactenadal powers of detergents tn mvo or of the relative affinities of 
detergents for bacterial cells and for tissue cells and proteins The in nw 
experiments with pneumococcus summanied by White (1938*) were earned 
out before the modem detergents were available 
The relation between chermcal structure and surface activity and bac 
tenadal action is discussed by BUrgi and Laubenheimer (1931) 

Secrelion — Substances with the detergent type of hydrophobic hydro- 
phihc structure promote secretion by thehver and the kidney (Hdber, 1939) 
It should be pomted out that there is no evidence at present that the 
effects of detergents on physiological systems are due to protem denatura- 
tion, although protem denaturation must now always be considered as 
a possibihty 

Monolayers — Effects of detergents on vanous monolayers have been 
described by Rideal (1939) 

Determent Mtcelles — There are two mterestmg properties of the synthetic 
detergents themselves which should be called to the attention of biochemists 

' Chapter U (WHle 1938) 

' Chapter XIV (tVhite, 1938) 
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As a result of three dimensional onentation the detergents form m solution 
large miceUes of fairly definite size (Hartley, 1936) Each miceUe consists 
of a hydrophobic core surrounded by a hydrophihc shell There is an 
equihbrium between the large micelles and single detergent ions which, 
like the equilibrium between native and denatured protem, is extremely 
sensitive to temperature In both the dissociation of the large detergent 
miceUe and m the denaturation of protem many bonds of a smgle large 
molecule are broken in an all or none reaction In the dissociation of the 
detergent micelle a large number of smaller molecules is formed and so 
the equilibrium is also sensitive to the detergent concentration 
Insoluble Potassium Salts of Detergents — Some detergents, such as 
Duponol PC, form insoluble potassium salts under the same conditions 
under which both the sodium and calcium salts are soluble Apparently 
the small difference between sodium and potassium can make a crucial 
difference m the formation of large msoluble complexes This sort of phe- 
nomenon ma)”^ account for the speafic differences m the properties of sodium 
and potassium m biological systems 
Sreenivasaya and Pine reported that phosphates and other buffers form 
msoluble compounds with sodium dodecyl sulfate Presumably the potas- 
sium salts of the buffers were used 

EXPERIMENTAL 

Preparahon of Ecmogtohw — Tie preparation of hemoglobin for the estimation of 
protemase (Anson, 1938) has nov. been slightly modified AVashed beef red blood 
corpuscles are shaken vigorously with a seventh their volume of toluene and allowed 
to stand a day or more at S^C The stromata and almost all the toluene are then 
removed by filtration with the aid of HyBo Super-Cel (Johns-ManviUe) The filter 
cake IS washed with a little water and the filtrate dial} zed in cellophane tubing as 
prcviousl} desenbed The remainder of the toluene is removed by this dialysis If the 
toluene treatment is omitted a slime is formed on the cellophane which makes dialysis 
less efiicient and there is sometimes bacterial growth 

Methemoglobin is prepared by the addition of an excess of femcyanidc and the 
excess femc>anide is then removed bv dialjsis 

Optical Test for Denaturahou —The detergentor bile salt is added to 10 cc of asolution 
containmg 10 mg of dialyzed beef methemoglobin and 1 drop of 1 3t buffer containing 
equal parts NaiHPOi and NaHiPO^ The detergent is neutralized if it is not neutral 
to begin with Table I shows the amount of detergent or bile salt needed to cause 
the rapid disappearance of the band in the red This procedure gives only rough com- 
paratne results which is all that was desired The reaction can be followed quanUta- 
ti\ ch using a colonmeter and monochromatic green or red light Green light is absorbed 
more stronglj b> denatured than bj native methemoglobin (Anson and Mirsky, 1934) 
Red light IS absorbed more strongly bj natixe than by denatured methemoglobin In 
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some cases, the denatured mcthemoglobm Is partly dissociated into cmdiied or fem 
heme^ and denatured globin 

Soluhliiy and Digcsitbtliiy Tats — 3 cc. of 10 per cent Duponol PC and 2 cc, of 1 ii 
pH 6 8 phosphate buffer are added to 70 cc. of 2.5 per cent dialyzed beef oxyhemoglobin 
The solution is dialyzed o\emight against cold distilled water in a shaking diali'ier 
The dialyzed denatured hemoglobin remains In aolubon, which shows the great affinity 
of Duponol PC for denatured hemoglobin,* and it has the same Bpectrum as before 
dialysis, with no band in the red. The dialyzed hemoglobin is completely prcapitated 
by 0 1 saturated ammonium sulfate and b digested by trypsin about as readily os 
denatured hemo^bm in urea solution (Anson, 1938) 

The excess Duponol PC Is dialyzed away before the solubility and digestibility tests 
arc carried out to avoid any Interference by Duponol PC with the precipitation by salt 
and to avoid any Inactivation of trypsm by Duponol PC 

Preteniton of Tnddonuilc Acid PreapUaitOH — 0.2 n inchloracetic add does not 
predpitate hemoj^obm m 1 per cent solution If 1.3 per cent Duponol PC is present 
Colorimtlnc Estimation of Hemoglobin vnth Dupontd PC — The final solution contains 
1 per cent Duponol PC 0 04 u pH 6 8 sodium phosphate, and about 1 mg of hemo- 
globin per cc. The colorimeter reading Is the same 1 minute and 60 mmutes after the 
Duponol a added. It U the same whether the Duponol a added to oxyhemoglobin 
or mcthemoglobm 

Lysis of Red Blood Cells — OJ cc, of centrifuged washed horse corpnsdes a sus- 
pended in S cc. of 1 per cent NtCl scdutlon The addition of 1 drop of 10 per cent 
Duponol PC causes lyals. If too much Duponol PC b added not only are the corpnsdes 
lyxed but the hemoglobm b denatured. 

Efecls OH Bacteria —Bacterial growth does not appear In the 0 1 per cent hemoglobm 
solution containing 1 per cent Duponol PC, even if the solution U allowed to stand at 
37^C for weeks. In the absence of Duponol there b a rapid growth of bacteria under 
these conditions. 
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‘The combination between detergent and native protein has not yet been studied 
Native tobacco mosaic virus b actually prcapitated by Duponol PC 

The conditions for the dbsooation of the compound between detergent and dena 
tured protem have been found only very recently and so cannot be discussed here 
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INTRODDCnON 

This paper describes the reactions between the reducing groups of de 
natured egg albumin and femeyamde Measurements have been made 
of the effects on the amount of femeyamde reduced of varying the time, 
temperature, and pH of the reachon, and the concentrabon of femeyamde, 
of addmg the synthebc detergent, Duponol PC, and of treatmg the de- 
natured protein before the femeyamde reacbon with formaldehyde and 
iodoacetamide, which are known to react with SH groups The mam 
result 13 that, provided the femeyamde concentrabon is not too high and 
Duponol PC 13 present, there is a definite reachon between femeyamde 
and denatured egg alb umin By a defimte femeyamde reacbon is meant 
one m which the amount of femeyamde reduced is, withm wide limits, 
mdependent of the bme, temperature, and pH of the reacbon, and of the 
concentrabon of femeyamde. 

For the experiments on protem denaturabon for which the defimte re- 
acbon with femeyamde was worked out and for manj other pracbcal 
appheabons of this reaction it is not necessary to know what protem groups 
reduce dilute femeyamde m Duponol PC soluhon or how Duponol PC 
influences the reacbon The reachons between femcyanlde and vanous 
amino aads and proteins which will be desenbed, howei'er, mdicate that 
the new defimte reacbon between femeyamde and denatured egg albunun 
IS a reacbon with SH groups and that the effect of Duponol PC is to lower 
the ferricyamde concentrabon at which the SH groups of denatured egg 
albunun react with femeyamde, 

* A brief account of the reactions of denatured egg albumin with femeyamde and of 
native egg albumin with iodine and iodoacetamide has been published in Science (Anson 
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HISTORICAL 

The SH groups of denatured egg albumm have usually been stv 
by adding an oxidizing agent and measuring how much of the oxid 
agent is reduced Thus it was found that 10 mg of denatured egg albi 
reduces about 0 0005 milhequivalents of cystine (]\4irsky and Anson, 1 
and porphynndm (Kuhn and Desnuelle, 1938, Greenstem, 1938), thi 
the amounts of cystine and porphynndm which would be reducec 
0 0005 mM of cysteine Conditions were chosen under which all th( 
groups and no other protem reduang groups were supposedly oxidizec 
Mirsky and Anson also studied the SH groups of denatured egg albi 
by an indirect method Egg albumin was hydrolyzed with sulfunc 
and 0 0005 mM of cysteine was found in the hydrolysate of 10 mg o 
bumin If before the hydrolysis, the egg albumin was denatured, 
denatured protein treated with femcyamde or lodoacetate, and the ei 
ferncyanide or lodoacetate removed, then no cysteine was found on hydi 
SIS Two conclusions were drawn from these results, that all the SH gn 
found on hydrolysis are free and reactive in denatured but unhydrob 
egg albumin, and that all the free and reactive SH groups of denati 
egg albumin are oxidized by cystine 

Greenstem found that denatured egg albumin in the presence of guani 
hydrochloride reduces about twice as much porphynndm as heat denati 
egg albumin in the absence of guanidine The conclusion was drawn f 
this result that guanidme creates new SH groups in denatured egg albu 
b}'^ breaking some as yet unidentified SH linkage 

Greenstem found that urea increases the amount of porphynndm redt 
by denatured egg albumin almost as much as guanidine Although 
results have never been pubhshed, I have used urea for many year: 
promote the reaction between protem reducing groups and the unc i 
reagent 

Mirsky and Anson (1936) studied the reduction of ferncyanide by 
natured egg albumm at pH 9 6 The amount of ferrocyanide formed ' 
greater the higher the concentration of ferncyanide and the temperat 
and the longer the tune of reaction Ferncyanide was reduced evei 
the SH groups of denatured egg albumin were first oxidized by cysti 
At pH 9 6 ferncyanide w'as found to oxidize not only cysteine but r 
tyrosine and tryptophane The amount of ferncyanide reduced by tyros 
and tryptophane was greater the higher the concentration of fcrncyan 
and the temperature and the longer the tune of reaction It is kno 
that m the oxidation of tyrosine a whole senes of oxidation products ( 
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be formed From these results it was concluded that at pH 9 6 femcya- 
mde oxidizes tyrosme and tryptophane reducmg groups of denatured egg 
albumm as well as SH groups 

The hjdrolysate of 10 mg of egg albumm contains 0 OOlS mu of SH 
plus S — S sulfur This value has been obtained by Kasseil and Brand 
(1938) using their modification of Baemstein’s method, and by S Graff 
usmg the Graff, MacuUa, and Graff (1937) modification of the method 
of Vickery and White 

The Reactums between Denatured Egg Albumin and Ferrtcyanlde 
I have found that at pH 6 8 as at pH 9 6 the amount of femcyanide 
reduced by denatured egg albumin is greater the higher the concentration 


TABLE I 


Reactions between Femcyanide and 10 Ifg Denatured Egg Albumin 


Bov denitnml 

PmicT*aW« 

TllM 

Tosptnhare 

pH 

Ftnocy^aMe 

isiBMd 



•tin. 

•c. 


mtf 

HQ 

0 002 

10 

37 

6 8 

0 00064 

HQ 

0 002 

60 

37 

6 8 

0 0007S 

HQ 

0 05 

10 

37 

6 8 

0 DOOM 

HQ 

0 5 

10 

37 

6 8 

0 001 

HQ 

0 5 

60 

37 

6 8 

0 0012 

HQ 

0 002 

10 

37 

9 6 

0 00074 

Ha 

0 OS 

10 

37 

9 6 

0 00123 

CUCOOH 

0 002 

10 

37 

6 8 

0 00063 

OjCOOH 

0 s 

10 

37 

6 8 

0 0011 


of femcyanide and the temperature and the ionger the time of reaction 
(Table I) The difference between the results at pH 6 8 and at 9 6 is 
that a given amount of ferrocyamde is formed at a lower concentration of 
femeyamde at pH 9 6 than at pH 6 8 
The synthetic detergent, Duponol PC (Du Pont), has n great effect on 
the reaction between denatured egg albumin and femeyamde Duponol 
PC denatures proteins such as hemoglobin and egg albumin and keeps 
the denatured protem m solution even at the isoelectric pomt Whereas 
8 M urea denatures neutral hemoglobm slowly, 0 0008 ir Duponol PC 
denatures neutral hemoglobm rapidly (Anson, 19396) Duponol PC is 
a more effective denaturant and solvent than most of the detergents I 
have tned and unlike many other detergents it does not reduce feme) amde 


^ Pcminsl comnranlcation. 
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Since it IS used in pharmaceutical products Duponol PC is the most care- 
fully prepared of the Duponols 

Table II shows the amounts of ferrocyamde formed when ferricyamde is 
added under different conditions to egg albumin denatured by Duponol PC 


TABLE n 

Rcacltons between Ferncyanidc and 10 Mg Denatured Egg Albumin in Duponol 

PC Solution 


Femcyanide 

Time 

Temperature 

pH 

Daponol PC 

Ferrocyamde 

formed 

mu 

m$ft 

•c 


ng 

mu 

0 001 

2 

37 

6 8 

50 

0 00082 

0 001 

10 

37 

6 8 

SO 

0 00096 

0 001 

60 

37 

6 8 

50 

0 00098 

0 001 

10 

37 

9 6 

50 

0 00096 

0 002 

2 

37 

6 3 

10 

0 00093 

0 002 

10 

37 

6 3 

10 

0 00099 

0 002 

2 

0 

6 8 

10 

0 00055 

0 002 

10 

0 

6 8 

10 

0 00080 

0 002 

100 

0 

6 8 

10 

0 00095 

0 002 

2 

37 

6 8 

10 

0 00092 

0 002 

10 

37 

6 8 

10 

0 00096 

0 002 

100 

37 

6 8 

10 

0 00098 

0 002 

2 

37 

6 8 

50 

0 00097 

0 002 

10 

37 

68 

50 

0 00098 

0 002 

100 

37 

6 8 

50 

0 00105 

0 002 

2 

37 

9 6 

50 

0 00095 

0 002 

10 

37 

9 6 

50 

0 00099 

0 002 

2 

100 

6 8 

50 

0 00095 

0 002 

10 

100 

6 8 

50 

0 00100 

0 05 

2 

37 

6 8 

10 

0 00094 

0 05 

10 

37 

6 8 

10 

0 00096 

0 05 

10 

37 

6 8 

50 

0 00098 

0 05 

10 

37 

9 6 

10 

0 00125 

0 2 

60 

37 

6 8 

10 

0 00105 

0 2 

20 

60 

6 8 

10 

0 00124 

0 2 

2 

100 

6 8 

10 

0 00110 

0 2 

10 

100 

6 8 

10 

0 00136 

0 2 

20 

100 

6 8 

10 

0 OOISO 


First, 0 001 mM of ferrocyamde is formed from 0 001 mu of ferncyanidc 
whereas in the absence of Duponol PC only 0 00064 mu of ferrocyamde 
IS formed at pH 6 8 from 10 mg of denatured egg albumin and 0 002 mil 
of ferncyamde (Table I) Thus Duponol PC increases the amount of 
ferroc>'amde formed from ferncyamde m dilute solution 

Secondly, if the fernc>^amde concentration is not too high, then 0 001 
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mM of ferrocyanide is formed despite wide vanations in the concentrations 
of femcyanide and Duponol PC, the temperature, the tune of reaction, 
and the pH. Thus m the presence but not in the absence of Duponol PC 
there is a definite reaction between denatured egg albumin and dilute 
femcyanide. 

Fmally, if enough femc>anide is added, then more than 0 001 mu of 
ferrocyanide is formed and the amount of ferrocyamde fonned is greater, 
the higher the concentration of femcyanide and the temperature and the 
longer the tune of reaction Thus m the presence as well as m the absence 
of Duponol PC there is an mdefimte reaction between denatured egg al 
bumin and femeyamde, but m the case of egg albuimn Duponol PC makes 
possible a separation between the defimte reaction with dilute femeyamde 
and the mdefimte reaction with concentrated femeyamde 
At pH 9 6 the results are quahtahvely the same as at pH 6 8 At 
both pH’s there is a defimte reaction with dilute femeyamde and an in 
defimte reaction with more concentrated femeyamde. At pH 9 6, however, 
the mdefimte reaction begins at a lower femeyamde concentration than 
at pH 6 8 

Formaldehyde and lodoacetamide are known to react with SH groups 
If denatured egg albumin is first treated with formaldehyde or lodoacet- 
amide, and dilute femeyamde is then added m neutral Duponol solution, 
no ferrocyanide is fonned 

Rtadwns of Femeyamde vnth Amtnc Ac^de and Cysletnc Free Protetne 
Before discussing the question of what protem groups react with fern 
cyamde I shall sununanre what is known from previous experiments and 
from new experiments about the reactions of femeyamde under vanous 
conditions with ammo aads and with proteins which do not contam cys- 
teine The results of the new experiments are given m Table HI 
Femeyamde m neutral solution oxidixes to S — S the SH of glutathione 
One molecule of ferrocyanide is formed for each SH group which is oxidised 
The ferrocyamde formed can be estimated as Prussian blue (Mason, 1930) 
Similarly ferricyamde oxidises cysteme to cystine As shown in Table 
TTT this oxidation of cysteme takes place even at pH 3.2 Mason found 
the oxidation of glutathione at pH 3 2 to be slow and mcomplete. Thus 
the ease with which SH groups ore oxidized depends on the structure 
of the whole molecule Similarly lodoacetate reacts more readily with 
some SH compounds than with others (Michaelis and Schubert, 1934, 
Smythe, 1936) 

In neutral solution containing Duponol PC, femej^amde, in dilute solu 
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tion, does not react with cystine, tyrosine, tij^itophane, or with proteii 
such as serum albumm, pepsm, and chymotrypsmogen which do not coi 


TABLE ni 

Rcacltons between Ferncyamde and Ammo Aads and Cysleinc-Frcc Proteins 

Ammo amd oi piotem 


0 001 mil cysteme 
0 001 mu C3rsteme 
0 001 mu cysteme 
0 001 mu cysteme 
0 001 mil cysteme 
0 001 mil cysteme 
0 001 mu cysteme 
0 001 mu cysteme 
0 001 mu cysteme 
0 001 mu cysteme 
0 001 mu cysteme 
0 001 mu cysteme 
0 001 mu cysteme 
0 0005 mu cystme 
0 0005 mu cystme 
0 0005 mu cystme 
0 0005 mu cystme 
0 0005 mu cystme 

0 0005 mu cystme 

1 mg tyrosme 
1 mg tyrosme 
1 mg tyrosme 
1 mg tyrosme 

0 001 mu tyrosme 
0 001 mu tyrosme 
0 001 mu tyrosme 
0 001 mu tryptophane 
0 001 mu tryptophane 
0 001 mu tryptophane 
0 001 mu tryptophane 
20 mg serum albumm 
20 mg serum albumm 
10 mg pepsm 
10 mg chymotrypsmogen 
10 mg chymotrypsmogen 
10 mg chymotrypsmogen 
10 mg chymotrypsmogen 


Fem- 

Qanide 

Time 

Tempera 

hire 

rtit 

fntn 

•c 

0 002 

10 

37 

0 002 

10 

37 

0 002 

10 

37 

0 002 

10 

37 

0 002 

10 

37 

0 002 

10 

37 

0 002 

10 

37 

0 002 

10 

37 

0 002 

10 

37 

0 05 

10 

37 

0 2 

20 

50 

0 2 

20 

80 

0 2 

10 

37 

0 01 

10 

37 

0 1 

10 

37 

0 2 

20 

50 

0 2 

20 

80 

0 2 

20 

100 

0 5 

20 

80 

0 002 

10 

37 

0 02 

10 

100 

0 1 

10 

100 

0 2 

10 

37 

0 002 

10 

37 

0 01 

10 

37 

0 1 

10 

37 

0 01 

10 

37 

0 1 

10 

37 

0 1 

10 

70 

0 5 

10 

37 

0 003 

10 

37 

0 2 

10 

100 

0 003 

10 

37 

0 002 

10 

37 

0 2 

20 

37 

0 2 

20 

50 

0 2 

20 

100 


pH 

Dipnoi 

Ferrocyanidt 

formed 


mj 

mv 

1 0 

0 

0 00018 

1 0 

50 

0 00016 

2 0 

0 

0 00023 

2 0 

50 

0 00025 

3 0 

0 

0 00098 

3 0 

50 

0 00092 

6 8 

0 

0 00098 

9 6 

0 

0 00101 

9 6 

50 

0 00101 

9 6 

50 

0 00104 

6 8 

10 

0 00104 

6 8 

10 

0 00149 

9 6 

50 

0 00144 

9 6 

50 

0 0 

9 6 

50 

<0 00005 

6 8 

10 

0 0001 

6 8 

10 

0 00062 

6 8 i 

10 

0 00144 

6 8 

10 

0 00093 

6 8 

25 

1 00 

6 8 

25 

1 <0 0001 

6 8 

50 

0 0009 

6 8 

50 

<0 0001 

9 6 

50 

<0 00005 

9 6 

50 

0 00116 

9 6 

50 

0 00175 

6 8 

0 

0 0 

6 8 

0 

<0 00005 

6 8 

0 

<0 00005 

6 8 

0 

0 0002 

6 8 

50 

0 0 

6 8 

50 

0 00-1 

6 8 

50 

0 0 

6 8 

50 

0 0 

6 8 

50 

<0 00005 

6 8 

10 

0 00038 

6 8 

10 

0 0016S 


tain o'steme At pH 9 6 the reactions with dilute ferric>'anide arc ver) 
shght 
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Concentrated femcyanide, however, oxidizes cystine, tyrosine, trypto- 
phane, serum albimun, and chymotrypsinogen The amount of ferro- 
cyamde formed is greater the higher the temperature and the concentration 
of femeyamde At pH 9 6 the reactions begm at a lower femcyanide 
concentration than at pH 6 8 

Thus cysteme is the only ammo aad which is known to give a definite 
stoichiometric reaction with ferncyamde and which is known to react 
with dilute neutral femeyamde at all In the few cases which have been 
studied, protems which do not contam cysteme do not react with dilute 
femeyamde m neutral Duponol PC solution If the concentration of 
ferrlcyamde Is high enough there is an ind efini te reaction of femeyamde 
with cystine, tyrosme, tryptophane, and with protems which contam 
these other ammo aads but not cysteme. The mdefimte reaction begms 
at a lower femeyamde concentration at pH 9 6 than at pH 6 8 

The reaction, if any, of the carbohydrate component of egg albumm 
(Neuberger, 1938) with femeyamde m Duponol solution has not been 
studied. 


DISCOSSION 

The evidence that the defimte reaction between dilute femeyamde 
and denatured egg albumm m neutral Duponol PC solution is due solely 
to the oxidation of SH to S — S is as follows 

1 Dilute femeyamde m neutral solution oxidizes cysteme to cystine 
This reaction, like the definite reaction between dilute femcyanide and 
denatured egg albumm m Duponol PC solution, is within wide limits m 
dependent of the concentration of ferrlcyamde and the pH 

2 Cystine, tyrosme, and tryptophane and protems containmg these 
amino aads, but not cysteine, do not react with dilute femeyamde m 
Duponol PC solution 

3 Under those conditions under which femeyamde does react with 
cystine, tyrosme, tryptophane, and cysteme free protems, the reaction 
IS not a definite reaction 

4 Formaldehyde and lodoacetamide abohsh the reaction of denatured 
egg albumm with dilute femcyanide These two reagents are not known 
to react with any reduemg groups other than SH groups 

Very little is known about the effects of protem structure on the prop- 
erties of amino aad groups It is possible that there are some peculiarly 
reactive cystine, tyrosine, or tryptophane groups in denatured egg al 
bumin Very httle is known about the oxidation of ammo aad reduang 
groups in complex systems which contam different types of reduang groups 
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It IS possible that there are in denatured egg albumin cystine, tyrosine, 
or tryptophane groups which are oxidized by dilute ferncyanide m the 
presence but not m the absence of SH groups 
The sulfunc acid hydrolysate of 10 mg of egg albumm was found to 
contam 0 0005 mM of cysteine (Mirsky and Anson, 1935) Some cysteine 
was probably lost by oxidation, decomposition, and adsorption by humm 
If future expernnents, however, show that 10 mg of egg albumm contains 
only 0 0005 mM of cysteme then one of three assumptions must be made 
to explam the further fact that 10 mg of egg albumin reduces 0 001 mM 
of dilute femcyamde m Duponol PC solution The reduction of ferricya- 
mde may not be due solely to SH groups, new SH groups may be produced 
by Duponol PC which do not exist m native egg albumm and are not 
hberated by aad hydrolysis, or there may be an equihbnum between free 
SH groups and hnked SH groups and when the free SH groups are oxi- 
dized more free SH groups are formed to mamtain the equihbnum 
Thus, all the present experiments are m harmony with the simple con- 
clusion that the oxidation of denatured egg albumm in Duponol PC solu- 
tion by dilute ferncyanide is due to the oxidation of SH to S — S groups 
Other and more complex mechanisms for the reduction of ferncyanide are, 
however, conceivable All these conceivable mechanisms cannot be defi- 
nitely excluded so long as only the formation of ferrocyamde is measured 
The evidence that there are m denatured egg albuimn free SH groups 
which react with concentrated femcyamde and lodoacetamide in the 
absence of Duponol PC but not with dilute ferncyanide and that there- 
fore the effect of Duponol PC is merely to lower the concentration of fcr- 
ricyanide at which ferncj’^anide reacts with the SH groups of denatured egg 
albumin is as follows 

1 The amount of ferncyanide reduced by denatured egg albumin in 
the absence of Duponol PC solution is greater the higher the concentration 
of femcyamde, even when the femcyamde is so dilute that it does not 
react with cystine, tjTosme, or tryptophane 

2 Denatured egg albumm treated with lodoacetamide in the absence 
of Duponol PC no longer reduces dilute ferncyanide in the presence of 
Duponol PC 

The evidence that the mdefimte reaction between concentrated fem- 
cyanide and denatured egg albumin m Duponol PC solution is a reaction 
with c>stme, t}TOsme, or tr>'ptophane groups is as follows 

1 In the mdefimte reaction between concentrated femcyamde and 
denatured egg albumm as m the mdefimte reaction between concentrated 
femq'amde and cj^stme, tjTOsme, try-ptophane, and cysteine-free pro- 
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teuis, more ferrocyanide is formed the higher the concentration of fern 
cyamde and the temperature and the more alkaline the solution 

2 The mdefimte reaction between concentrated femcyamde and de 
natured egg albumm begins under roughly the same conditions as the 
mdefimte reaction between concentrated ferricyamde and denatured serum 
albumm and chymotrypsmogen In both cases, the mdefimte reaction 
begins at a lower femcyamde concentration at pH 9 6 than at pH 6 8 

Altogether the facts about the reactions of femcyamde and denatured 
egg albumm are now m clear and useful form and they have been described 
cjuite separately from the conclusions which provide at present the simplest 
explanation of the facts It cannot be said that the conclusions have 
been defimtely proven There is no reagent available which one can be 
sure reacts with all the SH groups of denatured egg albumm and with 
no other groups More certain conclusions wiU be possible only when 
some specific reagent is discovered or when the reducmg groups of many 
different proteins are studied more extensively by a number of entirely 
mdependent methods 

Greenstem’s conclusion that guanidme creates new SH groups by break 
mg some SH linkage was based on the observation that guamdme mcreases 
the potphyrmdm titration and on the assumption that even m the absence 
of guamdme, all the free SH groups of denatured egg albumm are ondued 
m the porphyrindin titration No experimental evidence was given m 
support of this assumption The titrations were earned out under only 
one arbitrarily chosen set of conditions The concentration of porphyrmdin, 
the time, temperature, and pH of the reaction were not varied Indeed 
the mstabihty of porphyrmdm sets defimte hmits to the conditions under 
which porphyrmdm can be used Furthermore, it is difiScult to estimate 
small amounts of reduced porphynndin m the presence of large amounts 
of oxidized porphyrmdm 

The femcyamde experiments suggest by analogy that there are free SH 
groups m denatured egg albumm which do not react rapidly with the 
dilute porphyrmdm Used by Greenstem but which would react with more 
concentrated porphynndin and that the effect of guamdine is not to create 
new SH groups ^ the breakmg of hypothetical SH linkages but to lower 
the concentration of porphyrmdm at which porphyrmdm reacts rapidly 
with the SH groups of denatured egg albumm 

It should be emphasized that there is no contradiction between the 
porphyrmdin experiments themselves and the more vaned experiments 
with femcyamde at different concentrations and with lodoacetamide 
The difference between Greenstem’s conclusion and the conclusion sug 
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gested by the experiments with femcyamde and lodoacetamide is a dif 
ence m the interpretation of how guanidme and Duponol PC influe 
the reducing power of denatured egg albumin 

EXPERIMENTAL 

Reagmls 

Egg albumin is crystallized with ammonium sulfate, recrystallized three tiu 
dialyzed against cold distilled water m a shalang dialyzer, and stored frozen 
mtrogen content of the albumm solution is estimated by the Kjeldahl method 
Acid feme sulfate contammg phosphonc acid and gum ghatti is prepared accord 
to Folm and Malmros (1929) 

Potassium ferncyauide as obtamed commercially always contains some ferrcKwan 
and some commercial preparations contam a blue impunty The ferrocyamde ir 
0 5 m solution of Merck’s reagent potassium femeyamde is oxidized with just not enou 
bromine water to oxidize ail the ferrocyamde It is possible to obtain a preparation 
femeyamde treated with bromine such that the addition of 0 5 cc feme sulfate soluti 
to 5 cc of 0 5 M femeyamde treated with bromine gives an increase in light absorpti 
due to the formation of Prussian blue which is detectable with the photoelectnc coh 
imeter but which is 5 times less than the increase obtained when 1 drop 0 001 M fen 
cyamde is added before the feme sulfate The femeyamde is stored at 5“C in t 
dark and its ferrocyamde content occasionally checked 

lodoacetamide — 50 gm of chloracetamide (Eastman) and 80 gm of Nal are dissolvi 
in 1 liter of acetone with gentle warming The solution is allowed to stand 2 days . 
room temperature, the precipitate of NaCl is filtered off, and the acetone is boiled c 
in radio UTiea the temperature begins to nse rapidly, the evaporation is stoppe 
and the solution is cooled in ice water The crystals which are formed are filtered c 
m the cold and washed with ice cold acetone The same process of evaporation, et 
is repeated twice more wuth the filtrates and the w ashings Thus decomposition of tl 
lodoacetamide by hot acetone is avoided and an acetone washed product is obtaine 
without too much loss 

The cr>'stals are dried with a current of air and added to an equal weight of watc 
which is warmed rapidly until the crystals are dissolved The solution is then promptl 
cooled with ice water and the cry'stals filtered off in the cold The crystals are dned t 
a desiccator and the recrystallization repeated 

lodoacetamide prepared according to the above directions gives no iodine test will 
starch and no precipitate with acid silver mtrate, which indicates the absence of lodidi 
and of lodoacetic aad which slowl) liberates iodide in acid solution lodoacetamidi 
IS slowly converted into lodoacetic acid in neutral and alkaline solution 

Uiiponol —The Duponols (Du Pont) have the general composition CH 3 (CHi)n- 
CHiOSOjNa Duponol Special W\ Paste consists mainlv of the Cn compound whicl 
IS called sodium dodeevd sulfate The dned form of Speaal WA Paste is called Duponol 
hlE Dry The "sodium dodecjl sulfate” used m the present expenments was a dned 
product kindly provided by Proctor and Gamble It is not available commercially 
Duponol WA Paste is a mixture of the Cio-Cis compounds and contains small amounts 
of the free alcohols and Na-SO, Duponol PC is a dned and punfied form of Duponol 
WA Paste from which the free alcohols have been extracted with acetone 
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TDuponol PC and sodium dodecyl sulfate can be Vepi as 10 per cent stock solutions 

Buffers — Sodium buffer salts are used rather than potassium salts which precipitate 
DuponoL Potassium femeyanide is used rather than sodium fcTTityajude only b^usc 
satisfactory sodium ferricyamde Is not available commercially Potassium femeyanide 
preapitates Doponol PC if more than 0^ mu Is used In the openments to be described. 

The 1 0 U pH 6 8 phosphate buffer is made up from equal parts 1 M NejHPO^ and 
NaHjPO* The pH 6.3 buffer b made up of 1 part 1 u NajHPOi and 3 parts 1 M 
NaHiPOi 

The pH 9 6 borate buffer n made up from 7 parts 1 u sodium borate and 3 parts 
1 ii NaOH. 

The Readums between Pemeyansde and Denatured Egg Albimtn 

Table I gives the amounts of ferrocyamde formed when femeyanide is added under 
various conditions to egg albumm denatured by bydrocblonc or tnchloracehc add. 

I shall first describe the esperunents with egg albumm which been denatured by 
HCl and then brought to pH 6 8 

1 cc. of 1 N HCl 18 added to 4 cc. of 3 per cent dialyzed egg albumin. The test tube 
containing the solution b placed In 50 C water for 2 mmutes and then is cooled. The 
soluticm IS neutralized with NaOH to green to brom thymol blue and then diluted to 
12 cc. 

To 1 cc of the diluted solution containing 10 mg of denatured egg albumin are 
added 0 I cc, of pH 6 8 phosphate buffer and 1 cc. of femeyamde solution. After the 
femeyanide reaction the solution b diluted to 9 cc, and mixed with 1 cc of 2 n tn 
chloracetic acid. The preapltate u filtered off To 5 cc of the filtrate is added 0 5 cc. 
of water, or if the amount of femeyamde present b less than 0 05 mu 04 cc. of a fern 
cyanide solution containing enough femey'anide to make the final amount 0 05 mu. 
Finally Prussian blue b developed by the addition of 03 cc of the feme sulfate solution 
and the color b read after 20 i^nutes against a ferrocyanlde stanxiard or against a blue 
gb** calibrated with a ferroevatude standard. A red color filter b used because red 
light b stroD^y absorbed by Prussian blue and weakly absorbed by fcmcj*anide 

The ferroevanide standard is made up by oddmg fcrnxyamdc to neutralized egg 
albumm, adding tnchloracetic oad and adding before filtxatioD the same amount of 
femevamde used m the experiment Feme sulfate b adxied to the filtrate as already 
described. 

Although ferricyamde Increases the rate at which Prussian blue cs formed (why, 1 
do not know) It does not affect significantly the amount of red light absorbed until the 
amount of femeyanide is 03 mu or more. The amount of Prussian blue formed a the 
same whether the albumin, tnchloracetic aad, and filtration are omitted or not pro- 
vided there b no impunty of ferric salts in the reagents Anj Prussian blue which b 
formed from ferric salts before filtration b removed by filtration. 

The expenments at pH 9 6 are earned out exactly as the experiments at pH 6,8 
with two exceptions Before the aad denatured albumin is diluted to 12 cc it is made 
pink to phenolphthaleln instead of g re en to brom thymol blue. And 03 cc, of borate 
buffer b added instead of 0 1 cc. of phosphate buffer 

When the egg albumin b denatured by tnchloracetic add Instead of bj hydiochlonc 
add 1 cc. of 2 N tnchloracetic add b added instead of 1 cc of 1 n b>“drochlonc aad 
The suspension b allowed to stand 5 mmutes at room temperature and b then neutral 
Ized- Otherwise the procedure b exactl> that already desaibed. 
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Table II gives the amounts of ferrocyanide formed when femcyamde is added under 
vanous conditions to denatured egg albumin in the presence of Duponol PC A few 
experiments earned out with sodium dodecyl sulfate gave exactly the same results as 
the experiments with Duponol PC 

I shall first desenbe the expenments at pH 6 8 and pH 6 3 0 5 cc of Duponol PC 

solution IS added to 1 cc of 1 per cent dialyzed egg albumin After 5 minutes, 0 2 cc 
of phosphate buffer and 1 cc of femcyamde are added After the femcyamde reaction 
there are added 0 5 cc 2 n H 2 SO 4 , enough Duponol PC solution to make the final amount 
of Duponol 50 mg , enough femcyamde to make the final amount 0 05 wu, water to 
9 S cc, and finally 0 5 cc of feme sulfate to develop the Prussian blue Precipitation 
of the protem by feme sulfate is prevented by the SO mg of Duponol PC 

The ferrocyanide standard is made up m the presence of the amounts of albumin, 
Duponol PC, sulfunc acid, and femcyamde used in the expenment Albumin, Duponol, 
and femcyamde in amounts less than 0 2 mu have little effect on the Prussian blue 
color The femcyamde is added after the solution has been acidified with sulfuric acid 
When 0 2 mu or more of femcyamde is present and the temperature is 80®C or 
higher, a small amount of ferrocyanide is formed in the absence of albumin The 
ferrocyanide standard is therefore made up by adding ferrocyanide to a femcyanide- 
Duponol PC solution which has been heated in exactly the same way as the femo'anidc- 
Duponol-albumin solution 

The expenments at pH 9 6 are earned out as follows There are added to 1 cc of 
1 per cent dialyzed egg albumin 1 cc of femcyamde solution, 1 drop of 0 5 n NaOH, 
and 0 3 cc of borate buffer This solution is warmed to 37°C and there is added to it 
0 5 cc of Duponol PC solution previously warmed to 37®C Thus the denatured egg 
albumin is not exposed to air before it is exposed to femcyamde The expenment is 
completed in exactly the same manner as the expenments in neutral solution 

Formaldehyde — ^To 1 cc of 1 per cent dialyzed egg albumin there are added 0 5 cc 
of 2 per cent Duponol PC, 2 drops of 0 5 N NaOH, and 6 drops of 37 per cent formal- 
dehyde After the solution has stood 5 mmutes at room temperature there are added 
0 2 cc pH 6 8 phosphate, 1 drop of 1 N HCl, and 1 cc of 0 05 11 femcyamde The 
solution IS allowed to stand 10 minutes at 37°C and the feme sulfate test is earned out 
as previously desenbed No Prussian blue is obtained 

Formaldehyde alone docs not interfere with the Prussian blue reaction and docs 
not reduce dilute femcyamde at 37°C Formaldehyde docs reduce concentrated fem- 
cyamde at 100®C 

lodoacetannde — lodoacetamide is added to a neutral solution of egg albumin de- 
natured by HCl or Duponol PC and the reducing power of the denatured egg albumin 
which has been treated with lodoacetamide is then tested with femcyamde 

1 cc of 1 N HCl IS added to 4 cc of 3 per cent dialyzed egg albumm The test tube 
containing the solution is placed in 50®C water for 2 minutes The solution is cooled, 
neutralized with NaOH to green to brom thymol blue, and there are added 0 6 cc 
pH 6 8 phosphate buffer, 2 cc of 0 06 m lodoacetamide, and water to 12 cc The solu- 
tion IS allowed to stand vanous times at 37®C before samples arc taken for the fem- 
cx'amde test For the femcyamde test there are added to 1 cc of the albumin lodo- 
acetamide solution 3 drops of 1 m NaHjPOi, 0 3 cc of 1 ir pH 6 3 phosphate buffer, 

0 5 cc of 0 2 M femcyamde, and 0 5 cc of 10 per cent Duponol PC After the so u- 
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tion has itood 10 minutes at 37®C the feme aulfate is added for the development of 
Prussian blue. 

If the denatured albumin is treated for 5 minutes with lodoacetamide, about 0 0002 
mil of fcTTocyamdc is formed. If the lodoacetamide reaction is earned out for 30 mm 
utes, no fcrrocyanide is formed. 

As a control, the aad denatured egg albunun is allowed to stand 30 mmutes m neutral 
solution m the absence of lodoacetamide. Then Dupionol and femeyamde are added 
and the normal 0 001 mu of fcrrocyanide obtained. The control experiment shows 
that the reducing groups of denatured egg albumin are not appreciably oxidued by air 
in 30 minutes 

The experiment with egg albumin denatured by Buponol PC is earned out as follows 
To 1 cc, of 4 per cent dialyzed egg albumm there are added I drop of 0 5 n NaOH, 
0 J cc, of pH 6 8 phosphate buffer 1 cc. of 10 per cent I>uponol PC and 0 6 cc, of 0 06 m 
lodoacetamide and water to 4 cc 1 cc samples are removed after the solution has been 
allowed to stand for vanous times at 37*C To the 1 cc sample there are added 1 drop 
of NaHtP 04 0,3 cc of pH 63 phosphate, 03 a: of 0 2 u femeyamde, and 0 5 cc of 
S per cent Duponol PC The feme sulfate teat u earned out after the solution has 
stood 10 minutes at 37®C 

If the denatured egg alburmn is treated with lodoacetamide for 30 mmutes in neutral 
Duponol PC, about 0 0001 mu of fcrrocyanide is still formed from the femeyamde. 
If the lodoacetamide reaction is carried out for IBO mmutes no Pnisnan blue is obtained. 
Whether Duponol PC has a small direct effect on the lodoacetamide reaction which 
slows It up or changes the pH slightly, has not been investigated. 

As a control, the denatured egg albumin is allowed to stand 180 minutes m neutral 
Duponol solution in the absence of lodoacetamide and then a mixed sdution of fern 
cyanide and lodoacetamide Is added either at pH 6 8 or at pH 63 Again 0 001 mu 
d ferrocyanlde 11 obtamed as would be obtamtd in the absence of lodoacetamide. This 
control shows not only the stability of the SH group In the absence of lodoacetamide 
but also shows that iodoacetanude does not mterfere with the ferricyanide reaction. At 
pH 63, 0 00095 mu fcrrocyanide Is formed even when the femeyanide is added 1 
minute after the lodoacetamide. 

Table m shows the amounts of fcrrocyanide formed when femeyanide is added under 
vanous conditions to sevend amino aads and to several prolems which do not contain 
cysteine The experiments arc carried out In exactly the same way as the experiments 
with egg albumin. 


SXtlOtARY 

The following facts have been estabhsbed cxpenmentally 

1 In the presence of the synthetic detergent, Duponol PC, there is 
a definite reaction between dilute femevamde and denatured egg albumin 
0 001 mK of ferrocyamde is formed by the oxidation of 10 mg of denatured 
egg albumin despite considerable variation in the tunc, temperature, and 
pH of the reaction and in the concentration of femeyanide 

2 If the concentration of femeyamde is suffiaently high, them the 


260 


DENATimED EGG ALBUMIN Am EERRICyANIDE 


reaction between ferricyamde and denatured egg albumin m Duponol 
solution is indefinite More ferrocyanide is formed the longer the time of 
reaction, the higher the temperature, the more alkahne the solution, and 
the higher the concentration of ferncyamde 

3 Denatured egg albumin which has been treated with formaldehyde 
or lodoacetamide, both of which abohsh the SH groups of cysteme, does 
not reduce dilute ferncyamde m Duponol PC solution 

4 Cysteine is the only amino aad which is known to have a defimte 
reaction with ferncyanide or which is known to react with dilute ferri- 
cyamde at all The cysteme-free protems which have been tned do not 
reduce dilute ferncyamde in Duponol PC solution 

5 Concentrated ferncyanide oxidizes cystme, tyrosine, and tryptophane 
and protems which contain these ammo acids but not cysteme The 
reactions are mdefimte, more ferrocyamde being formed, the higher the 
temperature and the concentration of ferncyamde 

6 The amount of ferrocyanide formed from denatured egg albumin 
and a given amount of ferncyamde is less m the absence than in the presence 
of Duponol PC 

7 The amount of ferrocyanide formed when denatured egg albumin 
reacts with ferncyamde m the absence of Duponol PC depends on the 
temperature and ferncyamde concentration throughout the whole range 
of ferncyamde concentrations, even m the low range of ferncyanide con- 
centrations in which ferricyamde does not react with ammo aads other 
than cysteme 

The foregoing results have led to the foilowmg conclusions which, how- 
ever, have not been defimtely proven 

1 The defimte reaction between denatured egg albumin in Duponol 
PC solution and dilute ferncyamde is a reaction with SH groups whereas 
the mdefimte reactions with concentrated ferncyamde involve other 
groups 

2 The SH groups of denatured egg albumm in the absence of Duponol 
PC react with lodoacetamide and concentrated ferncyamde but they do 
not all react rapidly with dilute ferncyamde 

3 Duponol PC lowers the ferncyamde concentration at which the 
SH groups of denatured egg albumm react with ferncyamde The SH 
groups of denatured egg albumm, however, are free and accessible even 
m the absence of Duponol PC 
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INTRODTJCnON 

The mam object of these studies h as been the collecting of further ex 
penmental evidence for the view that the hving stomach mucosa shows 
in many respects the behavior of a dialysis or diffusion membrane (Teorell, 
1933) 

In a previous woric. the author (Teorell, 1933) had conclusively proved 
that the aadity of HCl, introduced mto the cat's stomach, was reduced by 
a process which appeared to be ordinary diffusion. 

Some other electrolytes were also found to diffuse throu^ the mucosa 
surface. Not only could many ions penetrate mto the mucosa from the 
stomach content, but there was also a simultaneous, outwardly directed 
diffusion (m the mam consisting of alkah chlondes) from the mucosa cells 
(or from the blood across the mucosa) into the stomach content 

No attempt will be made here to mention all the papers concerned with 
thi<t field, as the subject has recently been well reviewed by Hollander and 
by Ihre The older hterature before 1933 was sketched b> Gclman and 
Scheweluchm and by the author (1933) Papers with a direct bearing on 
the present commumcation will be referred to m the discussions below 

EXPERIMENTAL 

Adult catB were fasted 24 hours and narcotixed first with ether then with chlotalose- 
urcthan given intravenously Ligatures were tied round the pylorus and the cardia. 
A runmilft wa* tied in the distal pylorfc part of the stomach A thin rubber tubing 
with many holes was Introduced through the cannula when juice samples were to be 
talen with a syringe serving as aspirator The stomach was flushed mode with many 
portions of warm saline, emptied and allowed to come to rest during 1 to 2 hours before 
the actual experiments began As a rule no secretion was found after that period 

• The experiments were earned out when the author held a fellowship of The Rocke 
feller Foundation ^ 
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The solutions to be examined were measured accurately (to ±0 1 cc ), introduced into 
the emptied stomach cavity, and allowed to stay there for 15 minutes when the fluid 
V’as aspirated completely and again measured After a small amount (generally 0 1 to 
0 3 cc ) had been withdraira for quantitative analysis, the rest of the fluid was poured 
back After a further mterval of 15 rmnutes the whole procedure was repeated HCl 
secretion was induced by subcutaneous injection of histamine A histamme secretion 
test was alwaj's used as a control of the mtactness of the stomach after the conclusion 
of long experiments 



Fig 1 Introduction of isotonic hydrochloric acid in a cat’s stomach Note the 
“exponential” decrease of the acidit> (H) and the simultaneous increaseof alkali cations 
(base) without appreaable volume change, indicating an exchange diffusion process 
(c/ Fig 8) The temporary chlonde decrease is also m accordance with the diffusion 
concept (c/ Teorell (1933, p 291)) 

The aadity was determined by microtitration using brom-thymol blue (pH 7 0) 
as indicator Total chlondes were electrometncally titrated in the same sample using 
AgNOj Acetate was determined using micro-conductometncal titration in 50 per cent 
alcohol emplonng mercunc perchlorate ' Sulfate analysis was also performed con- 
ductometncally using Ba-acetate » Phosphate vas determined spectrophotomctnwlly 
(Teorell, 1931), lodate lodimetncally, glyane after vet combustion as NHj b> Ness- 
lenzauon, and glucose with the aid of Benedict's meth^ 

All concentrations are expressed in milhnonnalitj' (ms) 

^ Bntton, H T , Conductometnc analysis, London, Chapman and Hall, [1934, 115 
(acetate), 109 (sulfate) 
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RESULTS 

In Order to simplify the presentation of the experimental results they 
are all plotted graphically 

Hydrochloric Aad, HCI, (Fig 1) The acidity (H ions) decreased rapidly 
foUowmg an “exponential” curve The Cl concentrabon also fell off some- 
■what durmg the first stages, but after about half an hour the Cl level showed 
a tendency to recover to its imbal value of 160-170 mN The “base," 
consistmg mainly of Na, rose at a rate which was slower than the disappear 
ance of the H ions 

Durmg these changes of the lomc concentrations, the volume of the 
mtroduced samples underwent but shght vanabon With the excepbon 
of the first IS mmute mterval when a 15-20 per cent mcreasc took place, 
the volume remamed pracbcally constant 

These ohservabons were confirmed in numerous duplicate experiments 
on other cats m Fig 2 there are collected six similar experiments with 
5 cc. samples and one experiment with a 10 cc. sample In the S cc. curve 
the H and Cl run, on the whole, closely parallel In the 10 cc. curve the H 
decreased at a rate about half that of the 5 cc. curve. Further experiments 
with sbll larger volumes showed very little decrease of aadity durmg the 
time of the eiqienment 

Perchloric Aad HClOi, (Fig 3) The aadity decreased rapidly at a 
rate approximately equal to that of HCI without any significant mcrease 
or decrease of the mtroduced sample volumes At the same bme a con 
bnuous mcrease m Cl ions was observed 

Sulfunc Aad, HiSOi, (Fig 3) Here a complete analysis of all lomc 
consbtuents was possible The H decreased somewhat more slowlv than 
with Ha or HaOi The SOt ions decreased m concentrabon although not 
rapidly Cl and base mcreased steadily It is nobceable that the total 
base (a + SOi) remamed practically constant at a value about 170-180 
mN (blood isotoniaty?) Irregular, hut comparatively small volume 
changes were observed 

A comparison between a strong and some weaL aads (HCI, lacbc aad, 
formic aad, and acebc aad), (Fig 4) Equal volumes (in this case 10, 
not 5 cc.) of the different aads were compared on the same a nim a l It is 
Btnlang that the titratable aadity of the weaker aads dinimished far more 
quickly than for HCI Simultaneously the Q increase was more marked 
when testing the weak aads The volume changes were small 

Acebc Add and Sodium Acetate, (Fig 5) Pure HAc, an equunolecular 
mixture of HAc and NaAc, and a pure NaAc solution were tested The 
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ItlN 



Fig 2 Results of HCI introduction in six cats In all cases but one 5 cc were used 
Observe that the acidity drop is slower in the 10 cc expenment 



Fig 3 Introduction expenments with perchlonc and sulfunc acid 






Fio 5 Introduction of mixtores of acetic aad + sodium acetate. The acetate 
disappean most rapidly in the undmodated itate the HAc curve) 
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total acetate concentration was about the same m each of these expenments 
(160-180 nm) (a) Pure HAc The titratable aadit}" sank very' rapidJj , 
also the Ac fell off at a high rate and simultaneously the Cl increased quicklv 
The sum of amons (= total base) decreased to about 125 mN, which prob- 
ably represents a slight hj'potonioty, a tendenc}’^ to volume decrease being 
noticed (d) HAc/NaAc 1 1 Rapid H decrease, much slower Ac decrease, 



Fig 6 Introduction of Na-sulfate and Na-iodatc. The sulfate disappears \crv 
slovrlj , the corresponding volume changes are insignificant Scarce!} any lodatc seems 
to penetrate the stomach mucosa, as shown b} the positions of the crosses denoting 
the lodate concentration as a result of the successne dilutions (observ'c the great volume 
increments) 

and a slower Cl increase as compared vnth HAc alone Less marked 
reduction of total amons, insignificant volume variations (c) NaAc 
Still slower Ac decrease, slov Cl mcrease, sum of amons about constant, 
and a tendency' to \olume augmentation 

Sodium Sulfate, NarSO^, (Fig 6) This substance represents a neutral 
salt ^^^llle it was observed that SO« concentration diminished sloaly, 
this fact could not be asenbed to dilution, because the volume increment 
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was ncgbgible As usual, a steady mciease of Cl was observed The total 
base mcreascd slowly towards values representing blood isotoniaty 
Sodium lodate, NalOj, (Fig 6) This substance, although neutral, 
showed a behavior which differed markedly from what has been hitherto 
reported Large volume mcrements were observ ed and when due attention 
was paid to this circumstance, it was found that the decrease of lOi con 



Minutes 

Flo 7 (fl) Introduction of gb-ane and glucose. Insignificant penetration of glyone. 
The decrease of the glucose concentiahon is apparently caused by siinple dlluUon {cf 
the crosses which denote concentrations as calcuiated from successive dUntions note 
the marhed volume increments) (ft) Introduction of a hypotonic NaCI solution. The 
chlorides nse toirards a value higher than the plasma Cl (ca 110 mn) and the Doiinan 
level (cn 130 mn see Aqueous humor") This Q increase is not accompanied by 
any volume change 

centrapon could be fully eiplamed as a diluhon effect (compare the crosses 
and aides in the figure) The Cl values grew more rapidly than usual 
Glucose and Gljane (glycocoll), (Fig 7) Glucose, although shghtly 
hypotonic (0 3 normal, undissocmtcd), behaved as the lodate, s c no actual 
disappearance of the substance out of the stomach cavitv was detectable if 
allowance was made for the dilupon caused by the volume mcrements 
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{cf cross-marked pomts m the figure) The glycme concentration, as well 
as Its sample volume, remamed practically unaffected In both cases the 
usual Cl increase was present 


DISCUSSION 

1 The mtroduced solutions were calculated to be approximately isotonic 
with the body fluids Therefore, if the stomach mucosa behaves as a dialy- 
sis membrane,* solutions of fully permeable substances should not undergo 
volume changes, but would show concentration changes due to diffusion* 
(group A) Solutions contammg poorly permeable substances (group B), 
on the other hand, might attract water, because the stomach and its content 
would act as an osmometer (suspended m the mucosa cell fluid or the 
blood plasma) In the latter case the concentration of the impermeable 
substance would dimmish by dilution only and permeable substances from 
the mucosa or the blood would increase m concentration owing to diffusion 
The substances mvestigated can be referred to these two groups as follows 


Group A 
(Permeable) 

Weak aads (HAc, etc,) 

Strong acids (HCI, HCIO 4 , etc ) 

KBr* 

NaHCOj* 

NaAc 
NaiSO^ 

* Footnote 4 
t Footnote 5 

The most striking observation is that the hydrogen 10 ns of strong aads 
pass out of the stomach contents quite easily Incidentally, it may be 
pointed out that the poor permeability and strong w^ater-attracting pow’cr 
of the lodate also show up m model diffusion expenments with cellophane or 
collodion membranes 

2 The aadity reduction of the strong aads needs a more complete 

* The stomach content is the “inside” solution, the mucosa cells, or rather the blood, 
the “outside” solution 

’ WTien the substance penetrates much faster than the solutes of the “blood” side 
one may antiapate a temporar> h>’potoniaty and hence a volume decrease (cf the 
comments on pure HAc on page 268) 

* Cited from Teorell, T , Shand Arch Physwl , 1933, 66, Fig 13, p 297 

* The absence of volume increase m the present experiment can probably be ascribed 
to the fact that the glvcme solution was only about "half” isotonic (freezing point— 

0 28“) 


Group B 

(Poorly permeable) 
NalOj 
Glucose 
Glycmef 


TORSTEN TEOREU, 


271 


ri 

(t 


Ci 

i- 

!P 

jI 

f 

u 

i 

B 

H 

tf 

■S 


-y 

c 

(< 

ji 

b 

ly 

f 


discussion In general, aad concentration changes might be caused by 
the following processes, either single or combined 

(а) Neutraliiation of the hydrogen ions by substances acting as bases 
alkali bicarbonate, acid bindmg mucus, proteins, phosphates, etc 

Against the probabihty of this process there is, m the first place, the 
constancy of the mtroduced volumes Any neutralmng agent ought to 
be produced m the dissolved state, and would therefore mctease the total 
volume A simple calculation is illummatmg m this respect suppose that 
a hypothetical neutrahzmg secretion has an aad combimng power equal to 
0 17 N NaOH (an absurdly high figure) This strength corresponds to 
that of the freshly secreted gastric hydrochloric aad and to that of the 
“artificial” aads mtroduced m these eipenments, therefore any volume of 
aad ought to require an equal volume of the hypothetical secretion m order 
to be completely neutralized, and hence the total volume would be doubled 

Such an mcrement was, however, never observed here One might 
perhaps argue that a volume mcrease could have been obscured by a simul 
taneous "reabsorption” of water from the gastric content Such a process, 
however, does not seem probable 

As a further argument agamst neutrahzabon one can pomt out that re- 
action products resultmg from a neutralisation reaction cannot be recovered 
m the gastnc content in amounts equivalent to the magmtude of the by 
drogen ion disappearance For instance, the “bicarbonate neutralization 
hypothesis” advanced by Hollander m 1932 has as a consequence the 
production of carbon dioxide 

Ha + N«HCO, - NiO + EW -t CO, 

Introductlou of HCl combined with carbon dionde determinations, how 
ever, have failed to demonstrate any significant CO, production (Teorell, 
1933‘) durmg the aadity reduction Ihre has recently performed quanti 
tative mucus and mtrogen determmations, and he also failed to findamucus 
or protein mcrease correspondmg to more than a fraction of the total 
aadity decrease 

(б) Dilution has repeaterily been proposed as a mechanism for the aaditj 
“regulation’ (see the review by Hollander') On grounds similar to those 
that were discussed in the foregomg section on neutralization, one can 
reject the idea that the reductions of hydrogen ion concentration were 
caused by simple dilution, the volume changes bemg too small 

(c) lomc exchange (exchange diffusion) remains as the only mechamsm 

• Teordl, T., Stand Arc/i Physiol-, 19J3 66, 288. 

1 Hollander, F , Am J Digest Dts , 1938, 5, 369 
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■wiudi can satisfactonl 3 >- explain the beha\ior of the aads The sketci 
(Fig 8) may illustrate the exchange diffusion of the hydrochloric aac 
vrhich IS secreted b}' the stomach itself, and the same exchange is regarded 


rrfuccus 



Fig 8 Sketch schematicaU 3 ' ex- 
plaiiung the “diffusion theoty ” The 
gastric juice is secreted mamlj’’ as pure 
HCI (about isotonic vnth blood) 
There is a continuous outward diffu- 
sion of HCI and a simultaneous in- 
ward diffusion of NaCI — stnctlj' 
speakmg an lomc exchange between 
H+ and Na"*" The reduction of 
aadit}’’ and vanation of amount of 
chlonde take place m this manner 
The larger the volume of hquid, the 
Jess is the drop in aadity in unit time 
Large volumes are met with when the 
secretion is rapid, or when the content 
is increased, for example, owing to 
introduction of a test meal The 
NaCI diffusion can take place even 
into the contents of a restmg stomach 
(from Teorell, 1935) 


as tatmg place mth artiBaally mtro- 
duced HCI The chief blood constitu- 
ents -which can serv^e as subsbtutes for 
stomach content (gastnc jmce) constitu- 
ents are sodium and chlonde ions 
3 If the diffusion concepts are correct 
one might expect that model expen- 
ments -with artifiaal diffusion mem- 
branes should exhibit similar features 
as obseri^ed m the li3Tng ammal expen- 
ments Such a similantj’^ has actually 
been demonstrated bj*^ the author ® As 
a further example it may be noted that 
the charactensbc “temporary chlonde 
decrease” displayed in the HCI expen- 
ment of Fig 1, can be found also in a 
model experiment m which HCI was 
placed m a cellophane or collodion bag 
immersed m a large volume of NaCI solu- 
bon ® Also the order of the diffusion 
rate of different ions or salts is, on the 
whole, the same m model expenments 
and m h\nng stomach expenments 
4r As an argument against simple ex- 
change diffusion might appear the fact 
that the chlonde increase which is 
nobceable m all experiments tends to 
attam not the level of the blood (or 
mucosa cell) chlondes of around 100 
mN, but a deadedly higher level of about 
150 mN (Fig 7, the expenment with 
observabon is, however, not against 


110 mN NaCI solubon) This 
the concept of diffusion since it should be remembered that when deahng 
with diffusion of ions one has to consider an extra "drinng force” besides 
the osmotic pressure (= concentrabon difference), namel} an electncal 


® Teorell, T , Skatid Arch Physiol , 1933, 6S, 284-292 
® Teorell, T , Arch PAyjio/ , 1933, 66, Fig 11, p 291 

See also Teorell, T , Skatid Arch Physiol , 1933, 66, Fig 12, p 297 
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potential difference that might exist across the diffusion boundary (c/ 
the Donnan effect and the “diffusion effect,” Teorell 1935 b, 1937) The 
"accumulation” of Cl ions in the cats’ aqueous humor (Fig 7) to a value 
exceeding the blood plasma level by ca 30 mN is m all probabihty a more 
or leas genuine Donnan effect (Bolam, 1932) '* It is conceivable that the 
tendency to a chloride accumulation m the stomach is due to a similar mech 
anism, mvolving the effect of an electrical "membrane potential ” 

5 An observation which requires speaal consideration is the extreme 
rapidity with which weak aads such as HAc disappeared from the stomach 
content (Fig 4) The weaker the add, the faster it disappeared This 
phenomenon could be accounted for by assuming that the undissoaated 
acid molecules could permeate the mucosa by other paths than could the 
ions, owmg to the solubihtv of these molecules m the non aqueous parts 
of the cell membranes As further evidence may be taken the observation 
that the pure aad disappeared faster than its salt (Fig 5) The permeation 
of weak aads would thus correspond to the mechanism proposed by Oster 
hout and collaborators (cf Jacques) for the entrance of HiS and other 
substances into NtlMa and Valonta plant cells (<J also Maizel’s views on 
the permeabihty of red blood cells for weak aads) Another reason for 
an accelerated diffusion can also be suggested By direct inspection of the 
opened stomach it can be observed that an aad, as HAc, acts as an “ir 
ntant,” the normally feebly pink mucosa acqmnng a deeper red color 
mdicating an increased blood flow It seems justified to assume that this 
augmented flow of blood results in an mcreased intensity of diffusion As 
evidence of this may be taken the finding that the chlondes in the stomach 
content increased at double or threefold the "normal” rate m the cases 
where weak aads were employed (Fig 4) 

6 In conclusion one may state that the cat’s stomach mucosa on the 
whole exhibits properties similer to artifiaal dialysis membranes, and that 
therefore the ion concentrabon vanaUons displayed in stomach contents 
can be asexibed to pure diffusion processes 

The diffusion hypothesis apphed to the gastnc hydrochloric aad is capa- 
ble of explaimng the well known parallelism of the gastnc juice aadity 
with the rate of secrcbon It can also suggest a mechanism for the total 
chlonde variations chscussed by Hollander (1932) It does not seem 
necessary to assume the existence of any special dilubng or neutralizing 
secretion m order to form a probable picture of the mechanism of the “aadity 
regulabon” and the total chlonde vanabon (cj the discussions by Teorell 
(1933) “ However, it should be admitted that m many cases a certrdn 

u BoUm T R-, The Dorman cquilibita London, C Bell and Sons, Ltd , 1932, 94 

“Teorell, T, Stood Ani Ptynrf, 1933 60, 292-293 
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degree of influence from a diluting and slightly neutralizing “mucus” secre- 
tion may exist, particularly m human subjects, when the aad gastnc volumes 
are small, z e m the beginning and at the end of a secretion period and m 
pathological cases with low secretion rates (cf Ihre) As a rule, however, 
it is claimed that “exchange” or “back diffusion” of the hydrochlonc aad 
(hydrogen ions) constitutes the mam mechamsm of the so called aadity 
regulation m the stomach 

These diffusion concepts have already been developed qualitatively 
in earher papers by the author (1933, 1935) and will be taken up for a 
further quantitative discussion in a forthcommg paper 

SUMMARY 

1 Solutions approximately isotonic with blood of strong and weak aads, 
several salts, glucose, and glyane were introduced m the restmg stomachs 
of cats The concentration and volume changes were recorded 

2 It was found that the stomach mucosa was permeable to the majonty 
of the ions tested There was also a permeability m the opposite direction 
from the blood (mucosa) to the stomach content, particularly of alkah chlo- 
ndes Poorly permeable substances were glucose, glycme, and sodium 
lodate Pure weak aads such as acetic aad penetrated very rapidly 

3 The electrolyte concentration changes m the stomach content (or 
gastnc juice) are pictured as an exchange diffusion, for mstance, the hydro- 
gen ions of an acid are exchanged against alkah ions of the mucosa or blood 

4 It is pointed out that the concept of the mucosa as an ion permeable 
membrane could be used as the foundation of a “diffusion theory,” which 
can explain the aadity and chloride vanations of the gastnc juice without 
postulating neutrahzmg or dilutmg secretions 
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PHYSICOCHEMICAL PROPERTIES OF THE PROTEOLYTIC 
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ASCLEPIAS SPECIOSA TORR. SOME 
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PROTEASES 

L Chemical Pkofeeties, Activation iNHiBmoN, pH Activti’y, and 
TEUPKEAT nEE-Acnvnv Curves 
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(From the Deparlmenls of Botany and Btochemtslry oj the Vntvtnily of Caltfomia, Berheley) 
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INTEODUCtlON 

Proteolytic eniymes have been found in both dicotyledonous and mono- 
coiyledonous plants Representatives of the former are the fig (1), papaya 
(2), squash (3), legumes, cabbage, and Euphorita (4), of the latter the 
pmeapple (3) and cereals (S) At present it is not defimtely known whether 
these enzymes ate all of the same nature, or if each family, genus, or speaes 
produces its characteristic vanety Many plant proteases resemble each 
other m their strong milk dotting power, and m most cases exhibit essen- 
tialiy the same behavior toward ondizmg and reducing agents, i e they are 
reversibly mactivated by mild oxidation, and attain their maximal activity 
m the presence of reducing substances 

The present mvestigation deals with the prpteolybp nnzyme from the 
milkweed, AscUpias spectosa, and seeks to establish some distmctive entena 
for comparmg this enzyme with other plant proteases This new protease 
has been named asdepam by the authors Isolated in a crude but very 
active form from the fresh latex of the above plant, the enzyme resembles 
papam m many respects, but shows interesting differences m others For a 
substantial study of chemical relationships, it is most desirable to work 
with crystalhne emymes However, much valuable information can be 
gamed even with less pure preparations if quantitative methods for measur 
ing protease activity are employed under accurately controlled conditions, 

• The materul of this paper was taken from a thesis submitted by Theodore 'Winnkk 
to the Graduate Division m partial fulfillment of the requirements for the degree of 
Doctor of Philosophy 
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PROTEASE OP ASCXEPIAS SPECIOSA I 


Isolation of Asclepam 

The milkweed from which asclepam was obtamed grew on the University of Cah- 
fomia campus dunng the summer of 1938 By severing the leaf petioles, the latex 
which exuded from the cut ends could be collected This latex was diluted with an 
equal volume of water, and the suspended particles removed by filtration The dear 
filtrate, which contained all the active protease, was titrated with alkah to pH 7 0, 
and then made up roughly to two-thirds saturation with solid (NH 4 ) 2 S 04 , adding 45 gm 
of the latter per 100 ml of solution The salted out enzyme was collected on a Buchner 
filter, washed first with 0 S saturated (NH 4 ) 2 S 04 , and then with a small amount of pure 
water, lastly, the preparation was dned in a vacuum desiccator over H 2 SO 4 It was 
stored m a cold room at —18° Under these conditions, the enzyme retamed constant 
proteolytic activity over a penod of many months 100 ml of latex yidded 1 5 gm 
of faintly yellow matenal which was used throughout the following experiments 

Materials and Experimental Methods 

Asclepam Soluliotis — To prepare these solutions, accurate weights of dry enzyme 
preparation were ground with water or bufifer solutions, and diluted to the desired 
degree Activators were only used when so specified The solutions were always 
prepared within an hour or two of usage 

Proteins — The proteins used as substrates were hemoglobm prepared according to 
Anson (6), Van Slyke casern (7), Merck’s egg albumin purified by dialysis, edestm 
prepared accordmg to Osborne (8), and ovovitellm prepared by Jukes^ (9) 

Aqueous Protem Substrates — These substrates were prepared by gnnding weighed 
amounts of the different proteins with the proper volume of buffer to give solutions 
of the desired concentrations The solutions were adjusted with dilute aad or base 
to the exact pH desired, using the glass electrode to detenmne the latter In the cases 
of edestm and ovovitelhn, it was necessary to use buffered 10 per cent NaCl solution 
as the solvent, even so these proteins were only partly m solution With the exceptions 
of hemoglobm and ovalbumin, the protems were rather insoluble near their isoelectnc 
pomts, so that the substrates were largely m suspension m this pH region 

Urea Solutions of Proteins — The tecbmque of Anson (6) was followed m prepanng 
these solutions, except that they were adjusted to the required pH as before In cases 
where the substrate is not specified, it will be understood that 2 per cent hemoglobin 
m 40 per cent urea solution, buffered at pH 7 0, was used 

Methods for Measuring Proteolytic Activity —Northrop’s NPN" method (10), 
Anson’s hemoglobm method (6), and the milk clottmg method of Balls and Hoover (11), 
were used in this study Northrop pomts out that the N P N method measures pnna- 
pally the pnmary hydrolysis of the protem, whereas the formol titration, which deter- 
mmes the increase m ammo groups, measures chiefly the later stages of digestion Anson 
likewise finds that the mcrease in phenol groups is a good measure of the first stages of 
proteolysis The hemoglobin method was used to measure the digestion of both aqueous 
and urea solutions of the different proteins, and is usually referred to as the “tyrosine 
color” method m this paper 

1 A sample of this protem was kindly furmshed by Dr T H Jukes of the Poultry 
Husbandry Division of the Umversity of California 
- This abbreviation is used for non-protein nitrogen 
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Gtiteral Proptrttes of Asdepatn 

Proiem Properltes —The dry asclepain preparation dissolved readily in 
water to give a faintly opalescent solution There was only a shght 
turbidity on the addition of BaClj solution, proving the virtual absence of 
(NHi).SOt The enzyme solution gave the following positive protem 
color reacbons MiUon’s, biuret, xanthoproteic, and Adamkiewicz's 
A positive test was also obtamed for alkah labile sulfur The dry matenal 
was found by micro-Kjeldahl analysis to contain 16 S per cent nitrogen 
To prove defimtely that the asclepam molecule is of colloidal dimensions, 
an aqueous solubon of the enzyme was placed in a collodion bag and 
subjected to ultrafiltrabon A comparison of the protease acbvity of the 
ultrafiltrate with that of the solubon remainmg in the bag mdicated that 
none of the en^qmie had passed through the coUodion membrane 

Blood Clotting Test — Asclepam appeared to differ quahtabvely from pa 
pam in that it failed to clot abated or oxalated blood plasma, which was 


TABIE I 


pH <rf aadepaln tohiUon 

Tyrosine in 6 ooL digestion mixture after 10 min at 40* 

O 


R 



(ni.-eq X lCP)t 

D 


D 




• Atdepain was msoluhle at this pH. Probablj tie latter is near the isoelectnc 
point of the enzyme, 

t M..eq IS used as the abbreviation for mUliequivaleiits 


clotted by papain Accordmg to Eagle and Hams (12), papam converts 
fibrinogen directly to fibrm m the virtual absence of calaum Possibly 
this enzyme has a special group, necessary for blood clotbng, which as- 
clepain lacks 

Stahhty of AscUpain in Solutions of Dsfferent pB — Solubons of different 
pH, contauung 2 mg of asclepam per m! , were allowed to stand overmght 
at about 15° The solubons were then brought to pH 7 0 with dilute aad 
or base, and diluted exactly twofold m this process The proteolybc ac 
bvity of the solutions was then compared by the hemoglobm method 
The telabve stabihbes of the enzyme at the different pH values are m 
dicated m Table I The results show the enzyme to be most stable m neu 
tral solubon 

Rate of I^ss of Actmty of Papam and AscUpain Solutions on Ageing 
Asclepain was found to lose acbvity slowly on prolonged standmg in 
aqueous or 6 6 u urea solution The rates of macbvabon at 25° and 3° 
were determmed by samphng the ageing solubons at suitable mtervals, and 
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measuring the proteolytic activity by the hemoglobm method The rate 
of loss of activity of papain m 6 6 ii urea was also measured The results 
plotted m Fig 1 showed that asclepam was mactivated at room tempera- 
ture at about the same rate m either aqueous or 6 6 m urea solution, and lost 
about half its imtial activity m 30 hours Papam m 6 6 m urea was mac- 
tivated more slowly, and at room temperature lost only about a fourth of 



protease 

Composition of the enzyme solutions Curve 1, 1 mg asclepam per ml of water, 
Curves 2 and 3, 1 mg asclepam per ml of 6 6 m urea buffered at pH 7, Curve 4, 0 66 mg 
Merck’s papam per ml of 0 05 m NaCN and m 6 6 ii urea solution The digestion time 
and temperature were 10 minutes and 40° m each case 

its activity m 30 hours At 3°, asclepam lost a fourth of its activity 
only after about 15 days 

Dtalysts of a Urea Solution of Asclepam — A solution contammg 3 mg of 
asclepam per ml of 6 6 m urea, after 10 hours standing at 3°, was placed m a 
cellophane bag, and dialyzed against pure water m order to remove the 
urea The water was changed frequently durmg a 2 day penod After 
this tune, the white preapitate which had deposited m the bag durmg dialy- 
sis was removed by filtration, and the proteolytic activity of the filtrate 
was compared with that of an aqueous solution contammg 3 mg asclepam 
per ml , which had stood at 3° for the same length of time Nitrogen analy- 
ses by rmcro-Kjeldahl were also made on the two solutions The results 
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showed that the dialyzed solution retained about half its initial proteolytic 
activity, while the nitrogen content was only about a sixth of the ongmal 
value This suggests that the asclepain preparation is a mixture of pro- 
teins 


Adnaiion and Inhibtiton of Asdepatn 

In their comprehensive study of papain activity as influenced by onda 
tion reduction and by metal compounds, Hellerman and Perkins (13) 
found that their results were best explained by the assumption that sulfhy 
dryl IS an active groupmg m p^iam, and that proteolytic power is lost 
when this group is oxidized or when it reacts to form a mercaptide. This 
study supports the theory first advanced by Bersm and Longemann (14, 
15) which postulates that the activation of papam is due to the reduction 
of dithiol groups m the enzyme molecule * Other plant proteases which 
resemble papam m their activation and inhibition effects mclude those of 
the pmeapple (3), fig (1), wheat (5), and Cahtropis (16) On the other hand 
aulfhydryl apparently is not essential for the hydrolytic activity of the pro- 
tease of pumpkm (3) and of several bacterial proteases (17, 18) 

In order to compeue asdcpam with papam, a study was made of the effect 
on asclepam of a vanety of reagents whose activatmg or mhibitmg action 
on papam was known 

Exp^riMcnlai Tedtnlqttt . — One half ml portions of atdcjxin solution containing 
3 mg enzyme per mL water were treated with specified amounts of different activ'ator 
and inhibitor sohUcms. The final volume of each solution was brought to eznctly 
mi, adding pure water where farther dilution was necessary Each reagent was 
allowed to act on the enzyme solution for about a half hour before the activity of the 
Utter was determined The NJPJI method was used for most of the measurements 
5 mi samples of 4 per cent casern solution (buffered at pH 7 5) were digested 40 minutes 
at 40 by 1 mi portions of enzyme solution (containing 1 mg asclepam) The control 
analyses served to correct for the nitrogen of the activators In cases where this factor 
was appreciable. In some cases the milk dotting method was also used for comparing 
proteolj'tic activities. The hemoglobin method was not suitable for this study, since 
the phenol reagent gives a blue color In alkaline solution with the Bulfbydt>l compounds 
which were used as activators * 

The activities of the treated asclepain solutions were compared m aH cases with that 
of the untreated enzyme solution diluted exactly threefold with pure water Solutions 
of cystdne-HCl, thioglycolic aad, iodoacetic add, NaCN and NttS were alwaji ad 
justed to pH 7 before being used 

• Balls and Uneweaver (2) believe crystallme papnln contains active — SH groups 
although the nitropnisside and poiphyrindin tests were negative. 

* Cyanide does not react with the phenol reagent and can be used to activate enzymes 
for the tyrosine color method 
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measunng the proteolytic activity by the hemoglobin method The rate 
of loss of activity of papam m 6 6 if urea was also measured The results 
plotted m Fig 1 showed that asdepam was mactivated at room tempera- 
ture at about the same rate m either aqueous or 6 6 m urea solution, and lost 
about half its mitial activity in 30 hours Papam m 6 6 m urea was mac- 
tivated more slowly, and at room temperature lost only about a fourth of 



protease 

Coraposition of the enzyme solutions Curve 1, 1 mg asdepam per ml of water, 
Curves 2 and 3, 1 mg asdepam per ml of 6 6 ii urea buffered at pH 7, Curve 4, 0 66 mg 
Merck’s papam per ml of 0 05 m NaCN and m 6 6 ii urea solution The digestion time 
and temperature were 10 mmutes and 40® m each case 

its activity m 30 hours At 3°, asdepam lost a fourth of its activity 
only after about 15 days 

Dtalysts of a Urea Solutton of Asclepatn — A solution contaming 3 mg of 
asdepam per ml of 6 6 m urea, after 10 hours standmg at 3°, was placed m a 
cellophane bag, and dialyzed against pure water m order to remove the 
urea The water was changed frequently during a 2 day penod After 
this time, the white preapitate which had deposited m the bag durmg dialy- 
sis was removed by filtration, and the proteolytic activity of the filtrate 
was compared with that of an aqueous solution contaimng 3 mg asdepam 
per ml , which had stood at 3° for the same length of tune Nitrogen analy- 
ses by micro-Kjeldahl were also made on the two solutions The results 



T WINNICIl, a. R DAVIS, AND D IL GREENBERG 


281 


different reaction rates and different modes of chemical attack on the sulfhv 
dryl of the enzyme molecule 

Except when very dflute, HiO* and iodine mactivate asclepafn irrevere 
ibly (Tables m and IV) This resembles the behavior of papain Berg 

TABLE m 


Jnatiivaiton of Asdepatn by Hydrogen Peroxide and Roactivaiion by Cysteine 


VoknH tod conciBtrttloe of mtcst tdded to 0 J mL of caiymc tolotlaa 

NPN faemL 
dlrctdoo 
QUltOTt 

Rttlo of tctlr 
Itytotlutof 

peroxldt 

1 CTitdot 

tmtictttd 

None (untreated eoxyme) 

0 200 

1 00 

0 5 inL of 0 06 u 

None 

1 0 005 

1 0 00 

Same 

0 5 mL of 0 05 u 

1 0 MS 

1 0 20 

0 SmLofO 03u 

None 

0 000 

1 0 00 

Same 

0 5 mL of 0 05 u 

, 0 550 

1 2 75 

0 5 ml of 0 015 H 

None 

0 010 

0 05 

Same 

0 5 mL of 0 05 u 

0 765 

3 80 

None 

Same 

0 775 

3 85 


• Dilations were miide from 30 per cent hydrogen pcnmde (Superoxyl) 


TABLE IV 

{ficdivatton of AscUpatn by Iodine and Readitatum by Hydrogen Sulfide Adivoiion by 
Phenyl Hydnsxine 


Voloau tad coactetrttlon ol rtttcBt added to OJ nl of taiTiiU! tolttka) 

Tlw 
noelttd 
far aiik 
doUhit ^ 

Ritlo of 
tetlrity to 
tbtt of 
ntretud 

•jUTtae 

1 




None (untreated enaymt) I 

6 0 

1 0 

None 

0 25 mL of 0 1 u BiS 

1 8 

3 3 

0 25idLo{0003mIi 

None 

1 

0 0 

Same 

0 25 mL of 0 1 u HyS 

12 5 

0 5 

0 25 mL of 0 001 N Ij 

None 

18 5 

1 0 3 

Same 

0 25 ml of 0 1 u H«S 

3 3 

1 8 

None 

0 25 mL of 0 05 M phenyl hydroalne 

2 8 

2 1 

None 

Same ploi 0^ ml of 0 1 u H»S 

1 9 

3 2 


* dotting tune Is assumed inversely proportional to the amount of active cnxvmc. 
This is confirmed In Paper II whidh deals inth the kinetics of milk dotting 
t No clotting occurred after an hour 


mann and 2>rva5 (19) also failed to obtain complete reactivation (of papain) 
c\en when very dilute lodme solution was used Accordmg to Purr (20), 
the reversible inactivation with HjOi is accompanied b> a proportional 
loss of sulfh>dryl groups Presumably higher concentrations of pcrondc 
oxidize the sulfhydryl beyond the dithiol stage 
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In contrast to papam, the mactivation of asclepam by Cu-^+j or 
Ag+ could not be reversed by excess sulfide or cyanide (Table V) Even 
sohd HgS, AgjS, and AgBr caused a 70 to 95 per cent inactivation, just as 
did a concentration of 10-< to 10“® m Ag+ The explanation may be that the 

TABLE V 


Inaclivaiton of Asdepatn by lodoacdaU and by a Vanely of Metal Compounds 

Attempted Readivaiion 


Volume and concentration of reagent added to OJ jnL of enzyme solution 

NPN in 

6 ml. of 

Ratio of 
activity to 

Inlubitor 

Activator 

digestion 

mixture 

imtreated 

cnxyme 

None (untreated enr 

yme) 

0 200 

1 00 

0 5 ml of 0 01 M lodoacetate 

None 

0 005 

0 00 

Same 

0 5 ml of 0 1 M HjS 

0 000 

0 00 

0 25 ml of 0 01 N Cu++ Hg++ or Ag+ 

None 

0 000-0 005 

0 00 

Same 

0 5 ml of 0 1 M HjS, 

0 000-0 005 

0 00 

0 2 mL of 0 01 N Ag+ 

NasS, orHCN* 

0 8 ml of 0 02 N Br* 

0 000 

0 00 

0 lmLof2 X I0-»NAg+ 

None 

0 015 

0 05 

0 1 mk of 2 X 10-< N Ag+ 

None 

0 070 

0 35 

0 1 mL of 2 X 10-* N Ag+ 

None 

0 135 

0 65 

5-10 mg sohd AgBr, AgjS, or HgSf 

None 

0 000-0 060 

0 00-0 30 

5-10 mg sohd CuiOJ 

None 

0 130 

0 65 

Same 

0 5 ml of 0 1 M HjS 

0 250 

1 25 

0 5 mL of 0 02 N hri++, Co++ or Zn++ 

None 

0 020-0 030 

0 10-0 15 

0 5 ml of 0 02 N Zn++ 

0 5 ml of 0 1 SI HjS 

0 295 

1 45 

0 5 mL of 0 02 N Pb++, Mn++, or Fe++ 

None 

0 090-0 115 

0 45-0 55 

0 5 ml of 0 02 N Fe+++ 

None 

0 055 

0 25 

Same 

0 5 mL of 0 1 SI H:S 

0 130 

0 65 

0 5 ml of 0 02 N Mg++ 

None 

0 160 

0 80 


* Resulting preapitate filtered out and the activity of the filtrate determmed 
t These preapitates were prepared with an excess of sulfide or bromide and washed 
thoroughly They were shaken with the enzyme during a half hour 

% Freshly prepared from Fehlmg's solution and glucose Shaken with enzyme dunng 
a half hour 


enzyme-metal umon persists even when the concentration of metal ions m 
the solution is reduced to the mmute values imposed by the solubihty prod- 
ucts of the above heavy metal salts Another possibihty is that the metal 
ions catalyze an irreversible oxidation of the enzyme Hamson (21, 22) 
has shown that mmute amounts of iron and even smaller traces of copper 
catalyze the aerobic and anaerobic oxidation of sulfhydryl compounds 
Sufi&aent evidence is not at hand to decide from the alternatives 
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Also in the cases of Ni"^, Co++, Zn++, Fe"^, Fe+++, and Mn++, 

the degree of inhibition of asdepain is greater than for papain None of 
these ions inactivated the latter ensyme by more than IS per cent (13) 

Like papain, asdepain is irreversibly inactivated by lodoacetate The 
work of Dickens (23) may offer a due to the reaction involved here This 
investigator proved that lodoacetate reacts vigorously with sulfhydryl 
compounds in neutral solution to form products of the type R — S — CHj — 

coo- 

The failure of CujO completely to inactivate asdepain is at vanance with 
the theory of sulfhydryl as the active group, since this reagent forms 
characteristic mercaptides with thiol compounds, and will inhibit papam 
completdy It is possible that the mcomplete mactrvation of asdepam is 
due to the slowness of the reaction under the experimental conditions used 

Asdepain resembles papam m bemg activated by phen>l hydranne, 
Bergmann and Ross (24) in developing their theory for the existence of two 
enzymes m papain, suggest that phenyl hydrazme causes the dissoaation 
of the proteinase peptidase complex by reacting with an aldehyde group, 
thereby hberatmg the two active enzymes. Hellerman (25) pomts out that 
phenyl hydrazme can react m several ways, so that no defimte condusion 
regarding the mechanism of its action can be drawn Balls and Hoover 
(11) find that this reagent accelerates the milk dotUng action of papam 
several fold, and attnbute this as presumably bemg due to a reduction of 
the natural activators of the papaya • 

pE Acimiy Relattons for DtfferctU Proletns Digested hy Asdepain 

The influence of pH upon the rate of proteolysis has been inteiprcted m 
terms of the ionization of the enzyme and of the protem substrate, and 
numerous studies have dealt with the “optimum pH” of enzymes Hence 
It was thought of value to detennme the nature of the pH activity curves 
for asdepain on several proteins of widely varying character Both con 
centrated urea and aqueous buffers were used as solvents, m order to com 
pare the curves of native proteins with those of the same protons denatured 
m urea 

Naitve Proteins — ^The pH activity curve for each of five different proteins 
was obtained as follows 5 ml portions of protein solution at equal con 
centrations, but buffered at different pH values, were digested for exactly 
equal times at ranstant temperature with 1 ml of the same asdepam solu 
tion The amount of proteolysis was then measured by the tyrosme color 
method 

* Glutathione has been Isolated from the fresh fruit of papa>'a (Ganapathy, C V 
and Saitn, B N., Proc Induin Acad Sc , 1958, 8B, 399) ^ 
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PH 

Fig 2 pH-activity curves of Asdefnas protease on native proteins 
Curves 1 and 4 represent 2 per cent ovovitellin and ovalbumin, respectively, each 
digested 60 minutes by 1 mg en 2 yme, Curve 2, 3 per cent hemoglobm digested 60 mm- 
utes by 2 mg enzyme, Curve 3, 2 per cent edestm digested 20 mmutes by 1 mg enzyme, 
Curve 5, 2 per cent casern digested 10 mmutes by 1 mg enzyme 


I 

) 





Fig 3 Activity-pH curves of denatured protems digested by Ascleptas protease 
1 mg enzyme was used for each digestion The times for the different curves were 
30 minutes, 2, 5 minutes, 3, 4, 5, all 10 mmutes 
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Fig 2 shows that the digestibihty of the different native proteins vaned 
enormously Quanbtative corapansons are not possible in most cases, smce 
the experimental conditions were necessarily adapted to the digestibility 
of each of the proteins It is evident, however, that casern is by far the 
most digestible Edestin is moderately digestible, ovalbumin somewhat 
less so, hemoglobm is only slowly attacked, while ovovitelhn is the most 
difficult of all to digest 

In general, the amount of digestion appears to be least or to go through a 
mimmum m the isoelectric region of each protem • Northrop's theory (26), 
which relates the rate of proteolysis to the amount of ionized protem, seems 
apphcable to the results with asclepain. Asclepam, like trypsin and un- 
hke papam, seems to act better on the aniomc rather than the isoelectnc 
protem In the case of hemoglobm, the large increase m digestibihty m 
the re^on of pH 4 to 5 may be due to the partial denaturation of the 
protein 

Proteins in Urea — Anson (6) found that such proteins as hemoglobm, 
ovalbumin, and edestm were rapidly digested m urea solution by proteases 
In view of the remarkable solvent properties and denaturmg action of this 
agent, it was of Interest to determine the character of the pH activity curves 
of the above proteins m 6 6 u urea solution, usmg the same procedure as 
before 

The curves of the proteins m urea, given m Fig 3, are seen to be very 
similar, with maxima m the viamty of pH 7 0 The amount of digestion 
does not appear related to the degree of ionization of the protems ’ Edcs- 
tm, ovalbumm, and hemoglobm, which arc moderately or poorly digesbble 
in water, are digested about as vigorously as casern when dissolved in urea 
Ovovitelhn is less digestible than the other proteins, but is still much more 
digesbble m urea than in aqueous solubon 

Effect of Temperature on the Rate of Protein Digestion by Asclepam 

The comparison of digesbon rates at different temperatures can give in 
formabon concernmg both the temperature coeffiaents of the reacbon and 
the coefficients of mactivation of the enzyme In order to study these 
factors m the case of asdqiam, several sets of protem digesbons at varying 

•Hitchcock, D I Amphoteric properties of lunino acids and proteins, in Schmidt 
C L A , Chemistry of the amino adds and protons Springfidd Illinois, C C 
Thomas 1938 618 gives the following pi values oxyhemo^obin, 6 7 casdn 4 6| 
ovalbumin 4^ The literature reports values for edestm ranging from pi S3 to 7 0 

•Burk and Greenberg (27) have shown that the Isoeiectric pomts of casein and 
hemoglobm arc only ihghtly different m 6 6 si urea solution than in water 
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temperatures were conducted with this enzyme For each senes, 5 mJ 
samples of protein solution, buffered at the optimum pH, were digested for 
equal tunes by the same amount of enzyme The results are plotted m 
Fig 4 The peak of each curve (the greatest amount of digestion) cor- 
responds to the optimum temperature 



Fig 4 Fig 5 

Fig 4 Temperature-activity curves of Ascleptas protease for casein and hemo- 
globm 

1 mg enzyme was used for each digestion Curves 1 and 3 represent 10 and 60 
minute digestions, respectively, for 2 per cent casein in aqueous buffer at pH 7 S Curve 
2 represents 10 mmute digestions of 2 per cent hemoglobin in 6 6 m urea buffered at 
pH 7 0 

Fig S Temperature-activity curve of Asdepias protease on milk clotting 
Substrate 20 per cent powdered milk, buffered at pH 7 5 Enzyme Fresh Ascleptas 
latex diluted IS times with water 

In Fig 5, which represents the influence of temperature on milk dotting, 
the activity is expressed as the reciprocal of the clotting time, and the opti- 
mum temperature corresponds to the minimum tune required for clotting 
The optimum temperature is seen to mcrease as the reaction tune de- 
creases For the 60 mmute digestions of casein, the optunum is about 
53° For the 10 mmute digestions of casern and hemoglobin, the cor- 
respondmg optima are approximately 63° and 58° For milk clotting. 
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where the required tune is less than a minute, the optimum temperature is 
raised to about 75 ° If the 10 mmute digestion curves of native casein 
and denatured hemoglohm arc compared, the temperature coeffiaents of 
digesbon below the optimum temperature are seen to differ considerably 
But above about 65°, where the destrucbon of ensyme is the dommant 
factor, the proteolysia decreases at the same rate for both proteins Above 
85°, the eniyme is destroyed even before milk clottmg can occiu 

StIKUAXT 

1 A study has been made of the properUes of a hitherto unreported pro- 
teolybc enzyme from the latex of the milkweed, Asdeptas spectosa The 
new protease has been named asclepam by the authors 

2 The results of chemical, diffusion, and denaturation tests mdicate 
that asclepaiu is a protem 

3 Like papam, asclepain dots milk and digests most proteins, parbcu 
larly if they are dissolved m concentrated urea solubon Unlike papam, 
asdepam did not dot blood 

4. The activabon and mhibibon phenomena of asdepam resemble those 
of papain, and seem beat eiplamed on the assumpbon that free sulfhydryl 
m the enzyme is necessaiy lor proteolytic acbvity The sulfhydryl of 
asdepam appears more labile than that of papam 

5 The measurement of pH acbvity curves of asdepain on casern, oval 
humm, hemoglobb, edestm, and ovoviteDin showed no defimte digesbon 
m axim a lor most of the undenatured proteins, while m urea solubon there 
were well defined maxima near pH 7 0 Nabve hemoglobm and ovovitelhn 
were espeaally undigesbble, while nabve casern was rapidly attacked 

6 Temperature-acbvity curves were determined for asdepain on hemo 
globm, casern, and milk solubons The optmumi temperature was shown 
to mcrease with decreasmg time of digesbon 
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ENZYME FROM THE LATEX OF THE MILKWEED, 
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INTRODUCTION 

Much valuable information concennng enzymes can be obtamed by 
quantitative studies of reaction rates, m which the enzyme concentration, 
imtial substrate concentrahon, and time are vaned This paper deals with 
the kineUca of the digestion of hemoglobm m urea, and casein m both urea 
and aqueous solutions, by the protease of the milkweed, Asclepias speciosa 
Some of the physicochemical properties of this new enzyme, named as- 
clepam, have been previously descnbed ‘ In the present studj , the order 
of the reaction and the nature of the enzyme substrate mtermediate were 
investigated for the digestion of hemoglobm and of casein m urea solution 
by asclepain, and the Schiltz Bonssov rule was tested The kmebca of 
milk dottmg by asclepain were also eiammed 

Milk CloUtng Relations 

In their study of the milk clotting action of papam. Balls and Hoover (1) 
showed that the influence of enzyme concentration on the time required for 
milk coagulation is quite accurately given by the equation {E-c)l = K', 
where E is the wdght of enzyme, I the time, and K' a constant. The mtcr 
pretabon of Balls and Hoover is that c represents a constant weight of en 
zyme which is removed from dottmg acbon by some component in the milk 
substrate 

This relabon was tested for asdepam by the same technique used by 
Balls and Hoover for papain Varymg dilubons were made from a solu 
bon which contained 1.5 mg asdepam per ml and 0 05 u cysteine (at pH 7) 

* Wlnnidi, T , Davis A R- and Greenberg D 11 , / Gen Fbysiol 1940 23, 275 
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for activation The time required for one part of enzyme solution to clot 

10 parts of milk substrate (buffered at pH 7 5) was then determmed for each 
dilution 

The results are given m Tig 1 The amount of enzyme is plotted agamst 
the reciprocal of the clotting time In accordance with the Balls and 
Hoover equation, the mtercept on the ordmate gives the value c = 0 08 mg 
When this quantity is substituted m the equation, the K' values obtamed 
range from 1 85 to 2 05 For papam c was somewhat larger (0 27 mg ) 
In the case of crystaUme chymotrypsm (1), apparently none of the enzyme 
is inhibited, smce the plot of JE agamst l/i passes through the ongm 
Balls and Hoover define umt clotting activity of an enzyme as the 
amount which will cause milk to clot m 1 mmute under the conditions de- 

m 

to 

r 



scnbed above Accordmgly, the umts per mg enzyme are equal to 1/F t 
= 1/K' at higher concentrations, or l/lE~c)t = \/K' where the amount of 
enzyme inactivated is sigmficant From the average value, K' — 19, 
for asclepam, 1 mg of enzyme preparation represents 0 53 clottmg umts 
This value is somewhat higher than those found by Balls and Hoover with 
crude papam activated by H 2 S (0 21 to 0 39 units per mg ) 

Evalmiwn of Asclepam Achmtyfrom Enzyme Concentration Curves 

The amount of proteolysis produced by different quantities of asclepam 
m a definite time was measured by Northrop’s casern N P N method 
(2) and Anson’s hemoglobm method (3) For each senes of digestions, 
different dilutions from an enzyme solution contammg 1 mg asclepam per 
ml , activated by 0 05 m NaCN, were used to digest samples of the same 
protem substrate The data obtamed are given m Table I 
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By plotting the amount of enzyme against the quantity of rnspin di 
gated,’ the degree of proteolytic activity was compared for the 20 and 40 
mmute periods From a hne drawn tangent to the first part of each curve 
(t e the part which mtercepts the ongm), the quantitia of N P N m 6 ml 
digestion nuxtuies yielded by 1 mg enzyme were read off These values 
were found to be 0 and 0 98 m -eq per mg enzyme tor the 20 and 40 
mmute digesbons, respectively Apparently the amount of digestion is 
not exactly proportional to the digation time when the latter is of many 
mmutes duration The activity is, m fact, better evaluated from activity- 
time curva, as is shown m the next section 


TABLE I 

Diieslton of Quoin tn Water and Hemailobtn in Urea at by Deferent Aminmlr of 
Aodepain 


Xoxm In 4 aL dlcotlon 
mlftcn 

N ta 6 ml. dliMtlra mbrtim 

'Tymloe la 6 ml. difatkn 
mlztiin aitcr LOain, 

20 witn 

40 min. 

"t 



■ XlO* 

1 0 

0 465 

0 680 

14 4 

0 5 

0 29S 

0 483 

11 7 

0 33 



8 9 

0 25 

0 ISO 

0 260 

6 9 

0 165 

0 090 

0 155 


0 125 

0 070 

0 120 

3 7 

0 065 



1 6 


The aqueous ctaem substrate contaJncd 0J6 per cent casein nitrogen (about 2-2 5 per 
cent protein) and was buffeted at pH 7 5 The hemoglobin solution was 2 per cent m 
6 6 XI urea and buffered at pH 7 0 


The degree of proteolytic activity as measured by the hemoglobm 
method, was evaluated from a plot of tyrosme color against amount of 
enzyme ’ Usmg the mitial slope as before, it was found that 0 036 mg 
enzyme gave a color value of 0 001 m -eq of tyrosme m 6 ml digation mix ' 
hire after a 10 mmute digaUon Anson defina one protease umt as “the 
amount which digats hemoglobm under the standard condihons at an imtial 
rate such that there is liberated per mmute an amount of spht products not 
preapltated by trichloracetic aad which giva the same color with the 
phenol reagent as one milhequivalent of tyrosine " From this defimhon, 
one asclepam unit is contamed m 0 036 X 1000 X 10 ■= 360 mg of the 
enzyme preparahon, or 1 mg enjyme equals 0 0028 umts 

’ These plots are omitted in order to save space 
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Aclivily-Ttme Relahomfor Asclepain on Casern and Heihoglobin 

Sets of activity-tmie relations were obtained by digesting samples of 
casern and hemoglobin substrates for varymg tunes at 40° with the same 
amount of enzy'me The results are summarized m Table II 

TABLE n 


Digcslton of Hemoglobin and Casein at 40° for Varying Lengths of Time by a Definite 

Amount of Asclepain 


Tune of 
digesUoD 

N P N In 6 ml digestion 
nuiture, m -tq 

Tyrosine in 6 ml digestion nuiture, m -ej X ID’ 

Aqueous casein substrates 
at pH 7 6 

Solutions in (5 6 jr urea 

0 64 ZD -CQ 
casein N 

1 28 m -eg 
casein N 

2 percent 
casein pH 7 J 

4 percent 
casein pH 7 J 

1 per cent 
hemoglobin 
pH 7 0 

2 per cent 
bemoglobm 
pH 7 0 

4 per cent 
hemoglobin 
pH 7 0 

min 








2 

0 050 

0 100 






4 

0 095 

0 185 






5 



2 45 

2 90 

2 25 

3 20 

3 85 

6 

0 145 

0 295 






8 

0 195 

0 340 

i 

1 

1 




10 

1 


3 95 

4 95 

3 45 1 

4 60 

5 95 

IS 

0 265 



6 20 

1 



20 


0 535 

6 70 

7 50 

4 65 

6 70 

8 85 

25 




8 45 




30 

0 345 







35 



9 20 

9 90 




40 


0 685 



5 70 

8 45 

10 80 

45 




10 90 




50 



10 30 





52 

0 400 







60 


0 775 



6 15 

8 90 

11 75 

70 

0 445 


11 45 





80 


0 870 






85 

0 470 








The enzjTue solutions used were 1 mg asclepain per ml + 0 02 u cysteme for the 
aqueous casern solutions, 0 5 mg asclepain per ml of water for the casern in urea, 
0 165 mg asdepam per ml + 0 05 M HCN for the hemoglobin m urea 


The enzyme activity was calculated from the initial slopes of the plots of 
the amount of digestion agamst the time = For the aqueous casern sub- 
strates, the activity umt of Northrop, t e the amount of enzjane which 
hberates N P N soluble m 5 per cent trichloracetic aad at the rate of 1 
m -eq per mmute m the digestion mixture under standard conditions, was 
employed Accordmgly for the substrates contaming 1 28 and 0 64 m -eq 
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casein nitrogen (per S ml ), the corresponding acfavity units per mg as 
clepam are 0 0475 and 0 024 It is seen that the mitial rate of proteolysis 
13 directly proportional (withm the lumts of experimental error) to the sub- 
strate concentration 

Simdarly, from the imbal slopes of the curves plotted for casern and 
hemoglobin m urea,’ the tyrosme color produced per minute m 6 ml diges- 
tion mixture, was read off Takmg mto account the quantibes of enzyme 
used, the activity umts per mg , as defined bj Anson for hemoglobm, were 
calculated as was done for the achvitj -enzyme concentrabon data. The 
acbvity values given m Table HI were obtamed for the proteins m urea 

It IS seen that the imbal rates of digesbon m urea are not proportional 
to the substrate concentrabon This is more clearly shown by the acbnty- 
substrate concentrabon curves given in the next secbon The acbvity 


TABij; m 



T^nda* b ft ml. 
tm mixtrut prr mlutt | 

A«ckp«ls mdU per dc 


M X 10* 

tidlf X 10* 

4 per cent hemog^bin 

0 80 

4 S 

2 per cent heinogbbln 

0 68 

4 1 

1 per cent hemoglobin 

0 48 

2 9 

4 per cent c&sein 

0 58 

1 15 

2 per cent catein 

0 48 

1 0 95 


values are much higher for the hemoglobin solubons because the acbvated 
ciUEvme was used with this substrate, while non acbvated asclepain was 
used with the casein 

The acbvity of acbvated asclepam m the present preparabon (in hemo- 
globm umts) was only about a tenth that of crj'stalhne pepsm or trypsm and 
about half that of oystolhue chymotrypsm • In terms of casern NT-N 
umts, the asclepam activity was about equal to that of pepsin, but much 
less than that of trypsm or chymotrypsm 

Kinettct of Digation — Rate equabons were applied to the data of Table 
n m order to determine the order of reacbon where possible The calcula 
tion of \eloaty constants for the aqueous casern digcsbons showed that the 
first and third order constants fluctuate, while the second order constants 

’The activity i-alues (tatec from Northrop, J H Crystalline cnijincs. The 
chemUtrv of pepsin trypsin, and bacteriophage Columbia Biological Senes, No 12 
New Yort, Columbia University Press, 1939) could be expressed in terms of mg. eniyme, 
since each crystalline eniyme contains about 15 per cent nitrogen 
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attain an approximate!}' constant value after 50 to 60 minutes The cal- 
culations suggest that the reaction approaches the second order rate, but 
follows no order closely or consistently 
It IS of interest that Nasset and Greenberg (4) found the rate of hydroly- 
sis of casein by aads to conform to the second order equation Northrop 
(5) found that under certam conditions the digestion of casern with crude 
ti 3 q)sin followed the course of a first order reaction With purified ti^qism, 
the first order constant decreased as the reaction proceeded For denatured 

(aqueous) hemoglobm, 
he found that the first 
order constant decreased 
with both pure and crude 
ti^qism 

The second order 
equation may be wntten 
in the form 


where Co is the imtial 
substrate concentration, 
X the concentration of 
product at time, /, and 
K is the velocity con- 
stant It IS seen that 
the plot of 1/f agamst 
\Jx should give a straight 
Ime if the reaction is 
second order 

In Fig 2 the reaprocal of the amount of digestion is plotted agamst 
the reciprocal of the time X 100, usmg the data of Table 11 The plots 
show that the second order equation describes the digestion rates of hemo- 
globm and casern m urea fairly accurately The plots for the aqueous 
casein solutions de\date somewhat from a hnear relation This confirms 
the conclusion that the digestion here only roughly approaches the second 
order rate Plots of In (Co-a:) agamst t (test for first order) do not give 
straight hnes m any case 

Lmderstrjim-Lang (6) states that proteases catalyze a bnnolecular reac- 
tion between peptide bonds and water However, this does not explam the 
second order rate m urea solution, since the water is still present m so large 



Fig 2 Kinetics of the hydrolj'sis of casern and hemo- 
globm bj Asdcpias protease 

Curves 1, 2, and 3 represent 4, 2, and 1 per cent 
hemoglobm substrates, respectively, m 6 6 ii urea 
Curv es 4 and 5 4 and 2 per cent casern substrates, re- 
spectively, m 6 6 ii urea Curves 6 and 7 aqueous 
casern solutions containing 0 64 and 1 28 m -eq casein 
nitrogen per 5 ml , respectivdy 1/x is expressed m 
terms of m -eq tjTosme X 10* for curves 1 to 5 (left 
ordinate) and by m -eq N P N for curves 6 and 7 (nght 
ordmate) 
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an excess that its mass action effect does not change significantly dunng 
the reaction 

From the second order equation it is seen that when l/i = 0, 


C, 


Kt' 


or K 


C*t 


This gives a means for comparmg the different veloaty constants for the 
protems m urea The curves m Fig 2 are extrapolated to their pomts of 
mtersection on the negative l/t ans, and the values of these mtercepts, 
together with the Ct values,* are substituted in the last equation The 
veloaty constants obtamed are given m Table IV The> do not appear 
accurately proportional to the imtial substrate concentrations 


TABLE IV 


Sobatnu 

Bacond otiler omtut 

CtT 

4 per cent hemo^obin 

0 017 

0 068 

2 per cent bemo^btn 

0 038 

0 076 

1 per cent bemo|^btn 

0 087 

0 0S7 

4 per cent emtrin 

0 010 

0 040 

2 per cent ewtn 

0 017 

0 034 


ActmiySubsIraie Relalums Bated on the iftchaelu-ilenien Theory 
Lmeweaver and Burk (7) have developed graphic methods for determm 
mg dissoaation constants of enzyme-substrate compounds when the data 
are consistent with an assigned mechanism The general case for the 
simplest equihbnum between enzyme and substrate may be represented 
by the equation 

_ (aC5) 

(ESJ 

(£) and {ES.) are the concentrations of free and combmed enzyme, re 
spectively, (5) is the concentration of substrate, and n is the number of 
molecules of substrate which combme with one molecule of enzyme The 
equilibrium constant K, represents the nth power of the substrate concen 
tration at half the limiting laloatj 
The MichaeliB-Menten equation can then be written m the form 
I K. 1 

« " y-cs) y- 

* These are simply taken as the percentage protein m each substrate pnor to the 
addition of enxyme. They cannot be expressed in terms of tyrosme color values 
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rhere v is the observed initial reaction veloaty and V„ a constant represent- 
ag the maximum veloaty (which theoretically corresponds to infimte 
ubstrate concentration) 

A plot of 1/v against 1/(S)” yields a straight line whose mtercept on the 




Fig 3 Fig 4 

Fig 3 Nature of the enzyme-substrate mtermediate of Asdepias protease with 
emoglobin and casern 

The veloaty, v, is expressed m m -eq tyrosine X 10’ produced m 6 ml digestion 
uxture m 5 minutes for the urea solutions (left ordinate), and m m -eq N P N pro- 
duced m 6 ml digestion mixture m 20 mmutes for the aqueous casern solutions (nght 
rdmate) 5 is the protem concentration m per cent All digestions were at 40® 
.■'he aqueous casern digests (buffered at pH 7 5) contamed 1 mg enzyme activated with 
3 ^teme The casern and hemoglobm solutions m urea, buffered at pH 7 5 and 7 0 
espectively, were digested m each case by 0 25 mg enzjme (activated by alkalme 
yamde) 

Fig 4 Test of enzjme-protem mtermediate 

The left ordmate represents the ratio of protem concentration (per cent) to tyrosme 
olor value (m -eq X 10’) for the urea solutions, and nght ordmate the ratio of protem 
oncentration (per cent) to N P N (m -eq ) 

./t) axis IS l/Fm, and whose slope is K./V^ In this way K, can be at once 
;valuated Multiphed through by (5)", the last equation becomes 

^ ^ . (i2r 

r ^ V„ Vr. 

men {Sy/'O IS plotted agamst {Sy, a straight line is agam obtamed 
rhe mtercept on the {Sy/v axis is K./V^, and the slope is l/7m 

These graphic methods were apphed to the digestion of casern and 
lemoglobm m 6 6 M urea and casein in water, by asdepam Different 
hlutions were made from these substrates with the aqueous buffer or Ae 
Duffered 6 6 m urea used m preparing the imtial protem solutions The 
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(Ugestion rates for varying initial substrate concentrations were then de- 
termined, using the N PfN method for the aqueous solutions and the 
tyrosme color method for the proteins in urea. 

In Fig 3 the reaprocal of the digestion rate is plotted against the re 
aprocai of the protem concentration in order to determme the nature of the 
enzyme-substrate compound The values for casein and hemoglobm m 
urea fall fairly well along straight hnes, while those for casein m water 
depart from a Unear relation Plots usmg higher powers of the substrate 
concentrations do not yield straight Unes * One may conclude from the 
results that a definite enzyme-substrate compound, consisting of one mole- 
cule each of enzyme and of substrate, imtiates the hydrolysis of casein and 
hemoglobm by asclepain m urea solution 

In Fig 4 where the ratio of protem concentration to digestion rote is 
plotted against protem concentration, the departure of the aqueous casern 


TABtE V 


i 

1 Eoxjn-nbatnU dU*ocUUaa coetunt 

Stib*trat« 



Fnta plot iH )/» 
aolat 1/5 

Fracn plot o( 5/? 

5 

Catdninurea 

0 65 

0 60 

Hemoglobin in area 

1 10 

1 05 


data from a straight hne is more apparent The hnear relations obtained 
for the protans m urea also mdicate the absence of substrate inhibition, 
smee m cases where there is an mactive enzyme substrate compound, 
plots of (5)Vr against (5)’ give curves that rise concavely with mcreasmg 
substrate concentraUon 

Casein m water apparently fails to form a single defimte compound with 
asclepam It will be recalled that the digestion rate of this protem did 
not adhere closely to any reaction order Northrop (8) was also unable to 
obtam defimte evidence for the existence of an mtermediate compound of 
casern with trypsin in aqueous solution 

Table V gives the values of the ernyme-substrate dissoaation constants 
for asclepain and the proteins m urea, calculated from the graphs in Figs 3 
and 4 

' Lineweaver and Burk found that plots ofl/pw 1/S gave straight tinea for tnvertase 
raffinase, and amylaso, wh0e for dtilc dehydrogenase, a hnear relation could only be 
obtained by plotthigl/pw 1/5* 
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InJnhtiton by Reaclton Products— The SchiUz-Bortssov Rule 

As was shown many years ago by Schutz (9) and Bonssov (10) forpepsm, 
the amount of digestion produced by proteases in a given time increases as 
the square root of the enzyme concentration This relation may be ex- 
pressed as 



where ^ is the amount of proteolysis, E the enzyme concentration, and t 
the time 

Arrhenius (11) showed that this deviation from the equation of simple 
catalysis could be explamed by assummg that the reaction product formed 

TABLE VI 


Venjicalion of the SchtUz-Bonssov Rule for Asclepatn on Bemoglohtn %n Urea 


Enzyme per 6 ml digestion 
nurture 

B 

Time required for production of 

Id X 10^ m -eq tyrosine in 6 ml of 
digestion mirture 

E 1 

m 

fn$n 


2 66 

6 0 

16 0 

2 00 

8 5 

17 0 

1 33 

13 1 

17 5 

1 00 

17 0 

17 0 

0 66 

26 5 

17 5 

0 33 

62 5 

20 5 


an mactive compound with the enzyme, m accordance with the mass action 
law Northrop (12) showed that pepsm and trjqisin were actually m- 
hibited by the products of proteolysis, and that the Schutz-Borissov rule 
was followed or approximated under suitable conditions, particularly when 
the concentrations of both substrate and product were large, relative to 
the enzyme concentration 

Bodansky (13) pomts out that the statement “the velocity of reaction is 
proportional to the square root of the enzyme concentration” is based on 
an incorrect use of the term “veloaty of reaction ” He states that Schiitz’s 
own data show that the velocity is directly proportional to the first power 
of the enzyme concentration, and that the square root relation holds when 
the reciprocal of the time for a given change m the substrate is used as a 
measure of the reaction velocity 

This last approach was used to test the rule for asclepam on hemoglobm 
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In urea Usmg different amounts of enzyme, several sets of digestions were 
made at 40° and pH 7 0 by the hemoglobin method, with reacbon tunes 
chosen to give as nearly as possible the same amounts of digesbon From 
the curves representing digesbons with varymg amounts of enzyme,* the 
exact times required for the producbon of the color equivalent of 16 X 10-* 
m -eq of tyrosine in 6 ml of digesbon mixture filtrate were mterpolated 
These interpolated tunes, together with the correspondmg amounts of 
enzyme, are recorded in Table VL It is seen that the product £ 1 is a 
constant This mdicates that the SchUtz Bonssov rule appUes to the 
experimental data, and accordmgly, it appears that asdepam is inhibited by 
combmabon with the digesbon products of hemoglobm 

It IS interesbng to recall that m the case of milk clotbng, where the same 
degree of change (the clotbng pomt) is measured for different enzyme con- 
centrabons, the product of enzyme concentrabon and clotbng tune is like 
wise a constanb It is possible that the product of milk clotbng acbon may 
cause the tnhibibng effect observed by Balls and Hoover, and that milk 
coagulabon is an example of the Schtftz-Bonssov law 

SUiatARV 

1 The kmebes of milk clotbng by asdepam, the protease of Asdeptas 
specusa, were mvesbgated At higher concentrabons of enzyme, the 
dotbng time was mversdy proporbonal to the enzyme concentrabon 

2 The digesbon of casern and hemoglobm m 6 6 M urea by asdepam 
follows the second order reacbon rate The rate was roughly second order 
for casern m water 

3 Evaluabon of the nature of the enzyme-substrate mtennediate mdi- 
cates that one molecule of asdepam combmes with one molecule of casein 
or hemoglobm m urea solubon 

4 Inhibibon by the reacbon products was deduced from the fact that 
the digestion vdoaty of hemoglobm m urea solubon varied with the 
asdepam concentrabon m agreement with the Schfltz Bonssov rule. 
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PHYSICOCHEMICAL PROPERTIES OF THE PROTEOLYTIC 
ENZYME FROM THE LATEX OF THE MILKWEED, 
ASCLEPIAS SPECIOSA TORR. SOME 
COMPARISONS WITH OTHER 
PROTEASES 

HI Knrencs or the Heat Inactivation of Papain, Beomeun, and 
Asclepain 

By THEODORE WINNICK ALVA R. DAVIS, ajoj DAVID M GREENBERG 
{Fr(nntheDepartmenis oj Botany and Biedumtsiry of ike Unntmty of California^ Berkeley) 

(Rtcaved for pabllation, October 9, 1939) 

INTRODncnON 

The study of heat macbvaDou is often of considerable value in the char- 
actemation of proteolytic ensymes This is true because m most cases 
these proteases appear to be inactivated at different rates at the same tem 
perature and pH values Also the determination of the mactivation ve 
loaty constants at different temperatures makes it possible to evaluate the 
critical thermal mcrement of the enryme 

The thermal macUvation of oystallme tiypsm, chymotrypsm, and pep- 
sinogen IS completeiy reversible (1), so that the denatured mactive enzymes 
formed by heatmg the solutions revert to the native condiDon on coohng 
In the present study of the thermal characteristics of three plant proteases, 
papain, bromelm, and asclepam,' the heat inactivation could not be re- 
versed by cooling the solutions The rates of destruction of these enzymes 
do not show the great dependence on pH which pepsm exhfbita (2) Near 
neutral pH, at constant temperatures, these plant proteases are mactivated 
at rates which can be described m most cases by simple equations Differ 
ences m the state of purity do not seem sufhaent to account for the indmd 
ual behaviors of the enzymes 

Expenmenial Procedwa 

Entyme Soltdions Papam — Mack • papain powda was partially purified by 
first salting out the enzyme (from an aqueous extract buffered at pH 7) with (NHdiSOi 

1 The protease of the milkweed Aiekpias tpeciota whose preparation and properties 
have been described m the two previous papers of this senes (Winniefc, T , Davis, A R,, 
and Greenberg DM/ Gen. Pkyriol , 1940 23, 275, 289) 
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added to about half saturation, and then preapitating the redissolved enzyme -with two 
volumes of 95 per cent alcohol The product, washed with 70 per cent alcohol and 
dned m a vacuum desiccator, was more than twice as active as the ongmal matenal 
The solution used for the mactivation studies contamed 0 33 mg papam per ml It 
was activated with dilute NaCN and then adjusted with KHiPOi to pH 7 0 

Bromehn —This enzyme was prepared from fresh pmeapple fnut by the method of 
WiUstatter, Grassmann, and Ambros (3) A solution was used which contained 1 5 mg 
enzyme, per ml , activated m the same manner as papain 

Asdepain — ^The solution contamed 2 mg of this enzyme per ml of pure water It 
was not buffered, and its exact pH was not known 

Method for Measuring Rates of Inachvatton — h senes of small test tubes, each con- 
taimng about 1 5 ml of a given enzyme solution, were immersed m a thermostat at the 
desired temperature (±0 1°) The tubes were gently shaken for about a half minute 
and then corked, so that no water could evaporate After varymg times of heating, 
each tube was plunged mto an ice water bath, which quickly stopped the destruction of 
enzyme ~ The corked tubes were tilted and rotated horizontally to collect condensed 
moisture on the wall Then the residual proteolytic activity of each solution, as well 
as that of the unheated enzyme solution, was measured m 1 ml ahquots by Anson’s 
hemoglobm method (4) The substrate, containmg 2 per cent hemoglobm m about 
6 6 M urea, buffered at pH 7 0, was digested for 15 mmutes at a temperature of 30° ® 
The proteolysis is expressed m terms of the color value of tyrosme produced in 6 ml 
of digestion mixture 


Expermentcl Results and Interpretation of Reaction Rates 

Papam — ^The rate of thermal mactivation of papam at 75, 80, and 83° 
was found to follow the equation of a simple first order reaction 


2 3 log 


An 


Ki 


where is the activity of the unheated enzyme solution, A the residual 
activit)'’ after heating for the tune, /, and AT the veloat}'’ constant This is 
shown m Fig 1 By plotting the experimental values of log A agamst t, 
straight Imes were obtamed, m agreement with the requirements of the 
first order equation 

By t akin g log ^0 as the mtercept on the ordmate, K can be evaluated for 
each temperature The constants for the different temperatures can also 
be calculated by substitutmg the experimental values of Ao, A, and t 
directly mto the first order equation The curves m Fig 1 seem to depart 
very shghtly from hnearity toward the end portions, which correspond to 

- Only a few seconds are required for the heatmg and cooling of these small volumes, 
and the tune lags m startmg and stoppmg the mactivation largely cancel each other 
The time of heatmg was measured with a stop-watch 

* There is no appreaable destruction of enzyme at this temperature 
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the greatest degree of inactivation When Merck’s papain was used with 
out preliminary purification, the order of the inactivation was indeter- 
minate 




CURVES FOR 55* AND 60* MINUTEViO 
65 TD MINUTES 

Fio 2 Rate of heat inactivation of bromelin 

Bromeltn — ^The rate of inactivation of this protease was found to follow 
the first order equation at 55°, and nearly so at 60°, but at higher tempera 
tures the destruction of eniyme was greater than the first order equation 
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required This was shown by the gradual rise in the values of the veloaty 
constants, which were calculated from the first order equation 



Fig 3 Rate of heat inactivation of Ascleptas protease 



Fig 4 Relation between veloaty constants and absolute temperature 

In the plots of log A against i, given m Fig 2, the deviations from hneanty 
are more marked than m the case of papam, and mcrease progressively 
with mcrease m temperature It was necessary to use the mitial hnear 


T WINKICK, A R. DAVIS, AND D M GKEENBERG 


SOS 


portions of the curves m order to evaluate graphically the veloaty con 
stants, particularly at 65 and 70° 

It was thought possible that the deviations from the first order rate were 
due to the inhibition of part of the active enzyme by combmabon of the 
latter with the mactive fracbon If this hypothesis were correct, one 
would expect a mixture of acbve (unheated) and completely mactivated 
enzyme to have less activity than a solubon havmg the same concentrabon 
of the acbve enzyme alone This test was performed, and it was found that 
the former solubon did have shghtly less acbvity than the solution of only 
the acbve enzyme But this difference was too small to account for the 
observed deviabons m the macbvabon rates It may be noted that 
Michaehs and Rothstem (S), m their study of the macbvabon of reimet by 
alkah, found that the inacbve enzyme did not influence the rate of destruc 
bon of the remainmg acbve porbon 

AscUpatn — This enzyme difiered quahtabvely from papam and bromelm 
m that its macbvabon followed the course of a second order reacbon at 
55, 60, 65, and 70° The second order equabon may be wntten as 


The letters have the same significance as before. 

In Fig 3 it IS seen that the plots of l/A against 1 give straight hnes m 
accordance with the second order equabon K was evaluated from the 

slopes of the hnes acconhng to the relabon ^ = K If the expen 

a 

mental data are substituted into the second order equation, it is found that 
the veloaty constants for each temperature do not vary beyond the limits 
of experimental error The data do not fit the first order equation 

Corrdatum of Velcctiy Constanis 

The heat inactivation of pure enzymes, such as crystalhne pepsm (6), 
almost invanably follows the first order equation It is mterestmg that 
the mactivation of impure papam and bromchn also follows this reaction 
order (at certain temperatures) The only hitherto reorded instance of 
second order mactivation of an en^Tne is that reported by Kumtz and 
Northrop (7) for crystalUne trypsm Between pH 2 0 and about 9 0 the 
irreversible mactivation of this protease is a second order reaction The 
explanation offered is that the active native protem (trypsm) hydrolyzes 
the denatured form with which it is in equQibnum The mvcstigation of 
the second order mactivTition mechanism m the case of asclqiam was not 
feasible, due to the Impure condition of the cnrvmc preparation 
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The average values of the velocity constants of papain, bromelin, and 
asdepain are recorded in Table I Since the first and second order con- 
stants are not stnctly comparable, it is more convenient to use the half 
hfe period'^ to compare the rates of inactivation of the three enzymes 
Usmg this criterion, it is seen that the rate of destruction of papam at 
75° IS about equal to that of bromehn at 55° and only about half as great 
as the rate for asclepam at 55° At 70° bromehn and asdepain are in- 
activated more than 20 times as fast as is papain at 75° It is clear that 
papam is by far the most resistant to heat inactivation, and that the thermal 


TABLE I 

Compansmi of Thermal Charactenslics of Three Plant Proteases 


Enzyme 

1 

Order of reac- 
tion for heat 
Inactivation 

Tempera- 

ture 

Velocity 

constant 

(from 

cttrvea) 

Velocity 

coDstaat 

(from 

e<]uatlona) 

Half life 
period 
(from 
curves) 

Critical thermal 
increment 

1 


decrtts 

KXlOO 

KX 100 

tntn 

cals per mol 

Papam 

First 

75 

I 23 

1 26 

56 



1 

80 

6 0 

6 1 

n 5 

75,000 (75-80°) 



83 

11 0 

.12 , 

6 3 

51,000 (80-83°) 

Bromehn 

First 

55 

1 12 

1 11 

62 




60 

3 2 

3 3 

21 5 

46,000 (55-60°) 



65 

8 8 

9 3* 

7 9 

45,000 (.60-65°) 



70 

19 2 

' 

' 2 6 

36,000 (65-70°) 

Asdepain 

1 

Second 

55 

0 51 

0 50 

28 




60 

0 95 

0 92 

13 

27,000 (55-60°) 


1 

65 

I 65 

1 65 

6 5 

25,000 (60-65°) 



70 

6 4 

6 3 

1 9 

61,000 (65-70°) 


* Average of values for the 4, 5, and 6 minute preheatmg times 


stabilities of bromehn and asdepain (particularly between 65-70°) are not 
very different 

The temperature coefficients of the destruction rates are best considered 
in their relation to the corresponding energies of inactivation, the cntical 
thermal increments These latter values were calculated for the three 
enzymes with the aid of the van’t Hoff-Arrhemus equation 

din JC ^ A 
dT RT* 

which rdates the reaction velocity constant, K, the absolute temperature, 
T, and the cntical thermal mcrement, E i? is the gas constant 

* The time required for the proteolytic activity to be reduced to half its initial value 
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Integrated, this equation may be written m the form 


C 

I3i8r 


Accordmg to this equation, the plot of In against 1 JT should give a 
straight hne whose slope is — jE/ 1 98 The plot of these vanables, given m 
Fig 4, shows some departure from straight lines, particularly for the curves 
of btomehn and asclcpain at higher temperature values This suggests 
that E 13 not constant for the whole of the temperature ranges If the 
regions of 75-80° for papain, and 55-65° for bromehn and asclepain, arc 
considered as hnear, the cntical increments (in calones per mol) as calcu- 
lated from the slopes are papam, 75,000, bromehn, 48,000, asclepam, 
27,000 

The van’t Hoff Arrhcmus equation mtegrated between the lumts Tj 
and Ti is 

£i _ B{T, - TO 

” iflsr.r. 

The equation m this form was used to calculate E for the separate tem- 
perature mtervals The resultmg values of the critical mcrements given 
m Table I are seen to correspond to those evaluated from the curves. 

The cntical increments for papam and bromehn are apparentlv of the 
same high order as the values which are reported m the hterature for several 
other enxymes and substances closely related to enzymes Asclepain 
(55-65°) has a somewhat lower value of E 

Steinhardt (2) and La Mer (8) have concluded that the values for the 
energy and entropy of enzyme denaturation and for protem denaturation 
generally are illusory, smce the comparisons of rates at constant pH alone 
may be fallaaous In the case of pepsm, the customarv method measures 
in addition to the energy of activation, the heat of dissociation of groups 
mvolved m aadic equflibna When this factor was allowed for, the true 
cnbcal mcrement becomes 18,300 instead of 63,500 calones for this enzyme 
In the present study of inactivation, the effects of varymg pH on the rate 
of destruction were not studied, but it seems possible that the differences 
m cnbcal increments for the plant proteases are in part due to different 
heats of dissoaaUon of groups m the enzyme molecules In any event, the 
high cnbcal mcrements, particularly those of papam and bromehn, suggest 
that heat macbvabon mvolv es the breakmg of a number of bonds m the 
enzyme molecule, as is the case m protem denaturabon This agrees with 
the evidence for the protem nature of plant proteases 
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SUMMARY 

1 The rates of heat inactivation of papam, bromehn, and asclepain were 
determined at several different temperatures Papam was by far the most 
resistant to heat 

2 The destruction of papam at 75-83° and bromehn at 55-70° followed 
the course of a first order reaction, except that for longer times of heatmg, 
bromehn (at 60-70°) was mactivated more rapidly than the first order 
equation required 

3 The rate of mactivation of asclepain at 55-70° followed the second 
order equation 

4 The cntical thermal increments of inactivation of papam and bromehn, 
calculated with the van't Hoff-Arrhenius equation, were of the same high 
order that has been found for protem denaturation The increment for 
asclepam was somewhat lower 
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ON THE RELATION BETWEEN BIRTH WEIGHT 
AND LITTER SIZE, IN MICE 

Br W J CaiOZIER 

(From tke Biological LaboraloncSf Harvard Univcrstiy, Cambridge) 

(Reedved for pubUc&tion, October 19, 1939) 

I 

With multiparous mammals a particular relationship exists between the 
mean weight (IE) of htters of young of number N and the number in the 
htter (Enxmaim and Crouer, 1934-35, Croaer and Enzmann, 1935-36) 
The data on various animals obey suffiaently well the equation 

TT - eff* (1) 

so that on a double log grid the values of W and N adhere to a straight hne 
with slope = a = the ideal weight of a htter of 1 individual The con 
stant K IS nonspecific 

The use of equation (1) demands homogeneous data. Its apphcabihty 
is easily obscured by genetic heterogeneity of the assemblage of breedmg 
animals, and by such factors as Utter order Thus, if the latter is not 
controlled m an otherwise homogeneous lot, larger htters will tend to be 
borne by older, heavier ammals which have already earned young, so that 
m a large (and m this respect suffiaently non homogeneous) senes equation 
(1) may still be followed but with a larger value of the exponent K An 
illustrative case is given m Fig 1 

In reasonably homogeneous series K is apparently constant with the 
value 0 83, as obtained with different races of mice, rats, rabbits, pigs 
Its nonspecific mvarfafice has been mterpreted as due to phenomena con- 
sequent upon the partibonmg of nourishment among the developing young 
in a htter Thus it is suffiaent to consider that each mcrement of 1 in a 
htter IS responsible for a constant fractional increase in the material supphed 
to the young by the mother, and that (on the average) this material is 
evenly partitioned among the young This should be most simple to test 
m a mammal giving no relationship of Utter size to period of gestation 
It 13 mcely confirmed by the changes in weight during the nursmg penod, 
as related to the time course of milh supply by the mother, m htters of 
vanous sizes (Crazier and Enzmann, 1935-36) The mterpretation of K 
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as an index of partition thus suggests that so long as the genetic nature of 

mother and young is substantially the same, the constant K should be 
nonspecific 

It was pomted out, however (Crozier and Enzmann, 1935-36), that if 
fitters were to be formed contammg several kmds of young difienng m 
capacity for growth, then this conception of the r61e of the partitiomng of 



Fig 1 Mean litter weights IF, as a function of number N in the htter, gray Norway 
rat from data of King (1935) , 6,295 unsuckled young m generations 8 to 26, mothers of 
various ages The hne gives an exponent = 0 93, see text 

nutriment could be tested experimentally Its importance for certain 
aspects of the theor)'- of growth made it desirable to undertake such a test 
The nature of equation (1) and of the constants a and K bnngs it about 
that It IS also possible to make several predictions with reference to genetic 
studies upon buth weights (Crozier and Enzmann, 1935-36), which can m 
part be tested 

Equation (1) is of the form utilized by Robb (1929), Huxley (1932), Teissier (1934), 
and others m their studies of relative growth It has been employed among other things 
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for the correlation of the linear dimensions and of the -weights of parts It u doubtful 
if the theory imderlymg its use reaDy males these -varied applications properly con 
gruoui (4 reviews in Brody, Davis, and Ragsdale, 1937 Glaser, 1938) For data 
on the relative sixes or weights of parts of an organism at different times, Huxley and 
Teissier (1936) have suggested that the equation for relative growth (allometry) be used 
with an agreed upon umfonmty of symbols, y •• bx* to avoid confusion Smee we are 
here dealing with a distinctly different sort of situation involving veighi after a fixed 
growth time as a function of nttnbcr In a litter U seems desirable to retain the terminology 
used in the earher papers 

It is possible to show that for situations of this kind the common occurrence of power 
function rdationships with fractional e^xinents may be expected on purely dimensional 
groimds (Croxier and Holway, 1939-40) ‘ This of «ursc tells nothing about the mccha 
nism whereby they arise in particular instances In any case, an experimental test of 
the physical properties of the exponent K is required before the equation can be regarded 
as used in a significant analytical way 

n 

To establish htters containing two sorts of young having distinct growth 
potentials we have proceeded by crossing our inbred albino mice to an 
anantc {dwarf) strain By inbreeding F\S, and by backcrossing, it was 
hoped to obtain htters of different numbers and in each number-class a 
diversity of proportions of dwarf to normal young For -various reasons it 
was not practicable to complete the somewhat extensive program ongmally 
contemplated The data do, however, test the mam points already out- 
hned 

The alhtno stock {AA) was the same as that which we have used pre 
viously (Croner and Enrmann, 1935-36) The anomic stock (ca) {cf 
Muter and Hunt, 1933) is one charactcrued by havmg the young tern 
poranly defective m hemoglobm and m crythroc>'te3 at birth, and weighing 
distinctly less than do the young of ordinary mice they are hghter m 
color (bluish pink) The defect is less apparent after age 10 days, may 
disappear at about 2 weeks, and the adults are of ordmary size and weight 
The anemic defect is probably due to a recessive. We found considerable 
difficulty in mamtaming a pure aa stock I am mdebted to Dr G Pmeus, 
Mr J Berkman, and Miss Sheila Dehn (Mrs M P Gilmore) for assistance 
m the course of the experiments 

The relation between mean httcr weight and number m htter is obtamed 
from Table I for aa (anemic), and Fi (w4o), and for AA (non anemic) from 
the prccedmg paper (Croner and Enzmann, 1935-36) As Fig 2 shows, 
the data are describable m each case as a parabola, W ■= m which K 
IS sensibly the same while a differs For aa and Fi mice the value of AT is 

* Pages 116 d seq 
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that already obtained (Crozier and Enzmann, 1935-36) for various mam- 
mals, 0 S3 The value of a or FFi (the ideal weight of a htter of 1), is 
charactenstic of the stock, for Fi it is strictly mtermediate between that 
for AA and for aa 


AA 


■=1 76 

Fi 


= 1 67 

aa 


= 1 52 


It IS to be noted that if birth weights were to be compared simply on the 
basis of observed mean mdividual weight at birth, without regard to htter 

TABLE I 

Weights of Ltters at birth, for first litters with vanous numbers of young, m an anemic 
strain (no) and for F\ (Aa) resulting from matmgs of anemic males with albino (AA) 
mothers Numbers of litters given m parentheses S D of mean W is 0 1 to 0 3 gm 
O'! =■ 0 04 to 0 16 gm for the mdividual weights See Fig 2 


N 

fr„ 


Aneauc (aa) 

ri (Aa) 

2 

— 

2 86 (1) 

3 

3 81 (1) 

4 28 (2) 

4 

4 96 (4) 

5 33 (3) 

5 

6 00 (8) , 

6 45 (6) 

6 

6 73 (22) 

7 42 (19) 

7 

7 99 (7) 

8 64 (21) 

8 

8 08 (3) 

9 54 (29) 

9 

9 28 (3) 

10 72 (25) 

10 

1 

11 83 (9) 

11 

; — 

12 14 (4) 

12 

— 

13 45 (3) 

13 

— 

14 01 (1) 

14 

— 

15 94 (1) 


Size, a different state of affairs could be clauned, suggesting “heterosis ” 
This is due to the fact that the mean litter number and cr for litter number 
are not the same for the three groups of mice (cf Fig 3) 

AA — litter number median >= 6 5 ± 1 5 

= 7 4 ± 1 2 

aa = 5 3 ± 0 8 

For aa the median htter number is smallest, and the spread (P E i) is less 
Median N is greatest for Fj, and its scatter is mtermediate (Fig 3) Thus 
the median htter size does exhibit “heterosis,” although the variability 
and the ideal weight of a htter of 1 (te, freed from the effects of growth 
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competition) are stnctly mtermediate between these properties of the two 
parent stocks These facts lead to the expectation that the analysis of the 
data on compound litters (Section ill) may safdy proceed in terms of 
number and genetic type {Aa or ca) 



(aa) mice, and for thdr Fi offspring, can be effectively described as parabolic, with the 
same exponent (0 83) Data m Table I See text data from Crozier and Enxmann 
1935-36) 

The Aa litters and the AA are both earned by AA mothers The fact 
that mtrauterme growth depends upon an mteraction between mother and 
young makes it probable that the development of htters earned m Aa 
mothers should be influenced by the properties of the mothers To test 
this we may examme data on backcross litters (Aa 9 X cacT) contammg 
no aa young (Table II) The numbers arc not large (76 htters m the first, 
81 m the second) Thej show, however, that Aa young m Aa mothers 
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are, litter for litter, heavier than Aa young in AA mothers m htters of 6 or 
more This may, of course, be due to the fact that the Fi mothers (Aa) 
are heavier than the AA The slope of the log plot of IT w N for these 
aU-^c htters (Fig 4) is definitely higher than for the Fi htters (Fig 2) 
This could be a consequence of mtrauterme ehmmation of some aa young 
In that case Wi would be higher for the backcross Aa’s, about the same 
as for A A young m A A mothers, and less than for the ^o’s Comparison 



Fig 3 Summed frequency curves for observed occurrence of fitters oi N m stocks 
ofaa, AA, and Fi(aacf' XAA9) 


TABLE U 


Weights of fitters (W) from aocf X Aa 9, for fitters containing no anemic young at 
birth, all mdividuals bemg apparently A a Number m fitter »= JV 


3 

4 




8 

9 

10 

11 

3 84(6) 

5 42(4) 

o\ 

00 

o 

7 71(27) 

CO 

CO 

10 10(15) 

10 98(14) 

12 60(2) 

13 44(1) 


of Tables I and II shows that for htters of 6 or more at bn-th the backcross 
htters with no aa mdividuals consistently weigh a little more than do the 
Fi htters of the same IV, below iV = 6 the values of JV do not differ sig- 
nificantly This suggests that for the larger backcross htters there has 
been a significant ehmmation of aa young durmg early development 

m 

In the backcross htters we have varjong numbers, and for each N a 
variety of proportions of aa to A a The data are of course possibly com- 
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plicated by the influence of “growth influencing genes/' as well as by the 
selective elimination of young It could easily be considered that the 
anemic young should be at a disadvantage There is on the whole a slight 



I09N 

Fio 4 RdiUon between Dumber in litter (i'O and litter wo^t (IT) for backcrosi 
Utten (<M X Aa) oontaming no anemic young at birth- The sbpe gives K • 0 95, 
hi^er than for homogeneous F\ litteo tee text 

TABLE in 


Mean weights cm of aa mdindoals and of Aa mdividuals in backexoas htters of 
different sites (AO when the aa and arc of equal numbm in the litter (For N odd, 
correction has been used as described m the text) See Fig 5 


u 


WM 

2 

0 72 

1 20 

4 

2 08 

2 68 

5 

2 56 

2 98 

6 

3 63 

4 38 

7 

3 90 

4 43 

8 

4 48 

5 13 

9 

4 73 

4 93 

12 

6 34 

6 66 


defiaency m anemic young Of 1,140 backcross young, 223 were recog 
nized as anemics, — a ratio of 1 4 11 rather than 13 0 The effect should 
be more apparent with laiger Utters, smee in that case competition with 
foster growing non anemic littermates should be more severe. The data 
show that both m the backcross generation and m F* the 
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litters exhibiting some aa 3 mung mcreases steadily with the size of the 
htter, as it would be expected to do on a basis of chance, however, the 
ratio of aalAa is not independent of htter size but falls as iV mcreases, 
both m backcross htters and m 

We desire to know how the presence of and aa young together m the 
same litter affects the weights of each at birth The assumptions con- 
nected with the use of the parabohc relation of W to N call for a propor- 
tionately constant mcrease of nutriment from the mother for each increase 
of 1 in the htter, the partitionmg of this matenal between mother and 
5 mung, and among the 3 mung The simplest conditions for a test are thus 
given by htters m which there are equal numbers of anemics and of non- 
anemics (Table III) Each group may be taken as one growmg mass, 
with the same number of growth centers m each case (For litters with N 
odd, correction has been made by addmg to the weight of one group 0 5 
times the vicaji weight for its t 3 'pe and number, and subtractmg the cor- 
respondmg quantity for the other group The slope of the hne m Fig 5 
IS not affected if these cases are omitted ) We therefore expect that the 
division of nutntive matenal will take place m such a way as to obey the 
partition rule Fig 5 shows that this is the case For the vanous htter 
sizes log = 0 83 log Wa + const , where the subscnpts A and a refer 
to the phenot 39 es The slope constant 0 83 as drawn is identical with that 
for the relation between W and iV in each of the pure types (section EE) 
It follows that the ratio of the rates of mcrease m weight per umt mcrease 
of number m litter is directly proportional to the ratio of the weights 

dWA/dWa = 0 83 WJWc 

On general grounds it is reasonable to suppose that the supply of nutn- 
ment b}^ the mother is a function of the synthetic acti\uty of the )mung, 
as well as of their number The analogj'^ with milk secretion (Crozier and 
Enzmann, 1935-36) is confirmatory Consequentl 3 '- we should expect that 
with mixed htters, 50 per cent type <r, the anemic half should tend to weigh 
more at birth than half the weight of a pure anemic litter of the same 
number This is the case for N > 5 {cj Tables I and HI) The inter- 
relations of weights of anemic and non-anemic young in htters of given iV 
when the number of anemics mcreases, as discussed later, show that this 
relationship cannot be entirely, or perhaps not even primarily, due to the 
fact that the Fi mothers are a httle heavier than either A A or aa mothers 
The relation is to a fair approximation parabohc, the mcrease of TFa per 
umt mcrease m lY bemg greater the larger the number m the htter (Fig 
6), and m proportion to the ratio of the weights Smularly, as Y mcreases 
the V eight of the 50 per cent non-anemics m these mixed htters mcreases a 
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bttle faster than the weight of one half nonnal non anemic litters of the 
same numbers, and than (Fig 7) the weight of one half non anemic back- 
cross Utters (also m Aa mothers), the ratio of the rates of mcrease bemg 
again directly proportional, nearly enough, to the respective weights 
The interpretation of such a relationship on grounds other than of parti- 
tioning of nutriment m proportion to number and “drawing power” of the 



Fio 5 Rdabon between weights oj aa and of Aa indivldoals m litters of various 
sixes (_y), when aa young constitute N/2 of the individuals sec tort the slope (0 83) 
Is the same as m Fig 2 

dcvelopmg young appears difficult- On the other hand it is easily ac 
counted for by that conception With it additional facts arc fully con 
sistent Litters of 6, 7, and 8 are suffiaently numerous m our data to 
permit a test of the effect of mcreasmg proportion of anemics to non 
anemics As A" increases, more nounshment is provided by the mother, 
the call for foodstuffs is greater with the non anemic >oung, and the provi 
siomng la greater, but as the proportion of non anemics is found greater 
the anemic young should get less and less of it, on the partition view We 
find that the mean weight of 1 anemic at birth in a Utter containing 6, 7, or 
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8 young (the remainder being non-anemic) is 1 25 gm , 1 09 gm , 1 21 gm 
respective!}^, distinctly above the correspondmg mean weights for 1 anermc 
m pure aa litters m aa mothers (1 12, 1 14, 1 01 gm ) The ratio of the 




Fig 6 Fig 7 

Fig 6 Relation between weights of an indi\n(iuals (constituting half the htter) 
in mi'^ed and m pure aa htters, a given number of aa young, in the presence of the same 
number of j4a, tend to be heavier at birth than if (in an aa mother) they are accompamed 
by the same number of aa, the rate of mcrease in per unit increase of N is greater 
for aa in the mixed litters 

Fig 7 The weights of a given number of Aa (non-anemic) 3 'oung, constitutmg half a 
litter (m Aa mothers) of which the other half is aa, are less, on the whole, than those of 
the same number of Aa j'oung in pure (Fi) htters, but, number for number, these weights 
increase faster with than if the htters contam no aa mdividuals This is tested by 
plotting log Wia for the non-anemic halves of mixed htters agamst log Wa^ for one half 
the htter when no anemic young appear, in the same backcross 


mean birth weight of a non-anemic in a mixed htter to that of an anemic 
mcreases as the proportion of anemics mcreases, with iV constant 



(Aai)/(aai) for increasui* numbers of aa 

(0 

W 

(3) 

(•») 

( 5 ) 

jV = 6 

1 09 

1 07 

n 

■n 


N = 7 


I 10 

■eh 

■m 

1 16 

N = 8 

1 02 

1 17 

! 1 08 

1 14 

1 18 
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So long as there are non anemics m the htter, the mean weight of the 
anenucs is above that of the same number in a htter (of the same AO of 
pure anemics This is due to the greater amount of matenal provided by 
the mother as a consequence of the presence of the faster growmg non- 
anemics, which la shared in by the aa young On the other hand, the mean 
weights of non anemics m the mixed Utters are also greater than m pure 
htters {Fi) of Aa, smce a larger proportion of the matenal is obtamed by 
them, as already demonstrated In htteis of 6, 7, and 8 the mean weight 
of 1 non anemic ranges from 1 22 to 1 46 gm , m litters, from 1 19 
to 1 24 gm 


TABLE IV 

Mean weight of 1 anemic (oji) In Utteia containing 1 or 2 anemics together with 2 
to 11 non-anemica. 


Koo-tncmla 

j 


iM 

2 

0 72 


4 

0 90 

1 17 

5 

1 1 38 

1 25 

6 

1 2S 

1 12 

7 

1 10 

1 09 

8 

1 19 

1 14 

9 


1 12 

10 

1 14 

1 15 

11 

1 0 89 

I 12 


This situation may be taken to provide a kmd of model for the conccp 
tion of heterosis as due to disharmony m development (cf Crozier and 
Pmcus, 1931-32) A mixed htter of anemics and non anemics gives mean 
birth weights for each type which are on the whole ab(nf€ those encountered 
in unmixed htters, as an automatic consequence of the portationmg of food 
materials between mother and young 
There must be limits bevond which this effect is modified We have 
tabulated (Table IV) the mean weights of 1 and 2 anemics m mixed htters 
containmg various numbers of non anemics The number of available 
cases is not large , however the weight of 1 anemic does appear to go through 
a maximum as N mcreases, as the foregomg analysis reqmrcs 

SUMMARY 

For mice, as for \’anous other mammals, the relation between number 
N of young m a htter and the weight W of the htter can be expressed as 
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W = alV^ For adequately homogeneous data X has the nonspecific value 

0 83 With data not homogeneous with respect to certam conditions the 
equation may still be descriptive, but with X higher than 0 83 

Two kinds of mice obe)ang this formulation, with the same X, are an 
albmo strain (AA) and a flex-tail foetal anemic (aa) Their ideal weights 
of a fitter of 1 (Wi, free from effects of mtrautenne competition) are quite 
different Their Fi offsprmg (from AA mothers) give Wi precisely 
mtermediate 

To test the partition theory for the basis of the parabolic equation, back- 
cross and Fz fitters were obtained m which for a span of litter sizes there 
occurred vanous proportions of anemic to non-anemic young For equal 
numbers of each in the same fitters the relation of weight of aa to weight 

01 Aa young is again descnbed by Wa = aWj, and as before X = 0 83 
Exammation of the weights of anemic and of non-anemic young, for 

vanous proportions of the two m fitters of different total numbers, shows 
that the partition theory can account for a number of the cunous rela- 
tions, including the fact that aa yoimg and A a young if m mixed litters 
increase m weight more for an increment of 1 m the fitter than if in un- 
mixed fitters of the same X This mechamcal result of partitioning can 
be regarded as a kind of model for heterosis resulting from developmental 
disharmony 
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THE REACTIONS OF IODINE AND lODOACETAMIDE WITH 
NATIVE EGG ALBUMIN* 

Bt M. L. ANSON 

{From the Laieratones of The JRacbefdUr Institute for Uedtcal Rsseareh, Princeton^ 
New Jersey) 

(Received for poblioitlon, October 27, 1939) 

INTRODUCTION 

The hydrolysate of egg albumin contains cysteine (Miisky and Anson, 
1935) Denatured but unhydrolyied egg albumin gives the mtroprusside 
test for SH (Hefter, 1907) and reduces the weat ondizmg agents glutathione 
and cystme, which presumably can ondiie only SH groups (Hopkins, 1925 , 
Miraky and Anson, 1935) 

No SH groups have hitherto been detected in native egg albunun Na- 
tive egg albunun does not give the mtroprusside test (Hefter, 1907) It 
does not reduce femeyamde even at pH 9 6 (Musky and Anson, 1936 b) 
It does not reduce the still stronger ondiang agent, poiphynndin at pH 
7 0 (Greenstein, 1938) 

Similarly S-S groups (Walker, 1925) and tyrosme and tryptophane groups 
(Mirslgi and Anson, 1936) which are detectable m denatured egg albumm 
are not detectable by the same tests in native egg albumm The problem 
of why various groups appear m detectable form when egg albunun is 
denatured is one of the central problems of the theory of protem structure 

The present experiments show that native egg albumin can react with 
lodme and lodoacetamide despite the fact that it does not react with fern 
cyanide and porphyrindm They suggest further that the groups which 
react with lodme and lodoacetanude are either SH groups or are at least 
the groups which become SH groups when the protein is denatured 

Qmte apart from the theory of the lodme and lodoacetamide reactions 
it is of practical importance for experiments with enzymes and virus proteins 
to know that a protem of the egg albumm type which contams cysteine 
but which gives a mtroprusside test only when denatured can be modified 
by reactions of the native form of the protem with iodine and lodoacetamide 

* A bnef account of the reactioni of todme and iodoacetamldc with native egg albunun 
has been publuhed In defence (Anson 1939 o) 
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If the iodine reaction is earned out in acid solution, furthermore, this 
modification of the native protem can be earned out without any reaction 
of iodine with t3'^rosme groups 

The reactions between native egg albumm and lodme and lodoacetamide 
which will be described proAude new facts which must be explained by any 
theory of the structure of native egg albumm and of the reason for the 
appearance of the mtroprusside test when the protem is denatured 

TABLE I 


Amomt of Ferncyanide Reduced by JO Mg Denatured. Egg Albumin in Duponol PC 
Solution after Reaction of Egg Albumin in Native Form mth Iodine 
at for 5 Minutes 


pH nt Tvluch iodine is added j 

Iodine added 

Ferrocyanide formed 


fnilliequivalaUs 

mtlUcqmvalcnU 

6 S 

0 0 

0 001 

6 8 

0 001 i 

0 00046 

6 8 

0 002 

0 00024 

6 8 

0 004 

0 00010 

4 7 

0 001 

0 00027 

4 7 

0 002 

0 0001 

3 2 

0 001 

0 00017 

3 2 

0 0015 

0 0001 


The Reactions of Iodine and lodoaceteiimde with Native Egg Albumin 

10 mg of denatured egg albumin m a neutral solution contammg the 
detergent Duponol PC reduces 0 001 mM of ferncyanide This reduction 
of ferncyamde is due m part at least to SH groups (Anson, 193%) 

If native egg albumm is treated Avith iodine and then denatured, the 
denatured protem does not give the mtroprusside test and does not reduce 
dilute ferncyamde in neutral Duponol solution 1 cc of 0 0015 n lodme 
is required to abohsh the ferncyamde reaction with denatured egg albumin, 
if the reaction between lodme and 10 mg of native egg albumm is earned 
out at pH 3 2 If the reaction is earned out at pH 6 8, 1 cc of 0 004 N 
lodme IS required (see Table I) In both cases all the iodine added is used 
up m the reaction with native egg albumm 

If native egg albumin is treated with lodoacetamide at pH 9 0 and then 
denatured, the denatured protem reduces only 60 per cent as much fern- 
cyamde as IS reduced by denatured egg albumm which has not been treated 
with lodoacetamide 
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The Reacitons of lodtiic a)id lodoacetcmtde with Amtrw Aads atid 
Cysteine Free Proteins 

Before disoiasmg the interpretation of the reactions of native egg al 
bumin with iodine and lodoacetamide I shall state what is known from 
previous experiments and new expenments about the reactions of lodme 
and lodoacetamide with ammo aads and with protems which do not contam 
cysteme The results of the new expenments arc given m Table 11 
Iodine — ^Bnefly, iodme can react with cysteme m aad solution and 
destroy the reduemg group Dflute lodme does not react at pH 3 2 with 
cystine, tyrosme, or histidme or, so far as is knovra, with these ammo aads 

TABLE n 


Iodine Consumed by Armno Adds and Cysteine Free Proteins ai 37'^C 


— 1 

Andoo wU or ptotda 

AntooBt 
lohn* ftdied 



letfine 

casvmed 


-mUXt 

B3 



0 001 mlt cysteme 



5 

0 006 

0 001 wXf cyrtdna 



30 

0 0058 

0 OOl mM cyttdne 

0 006 


5 

0 006 

0 0002 mM cystine 

0 0015 


15 

0 0 

0 001 mM tymsiae 

0 oos 

3 2 

15 

0 0 

0 001 rnM histidioe 

0 008 

3 2 

5 

0 0 

0 001 mM tryptopluae 

0 ODt 

3 2 

5 

0 001 

0 001 mM tryptophsae 

0 006 

3 2 

5 

0 OOll 

10 m*. diyraotryptmogen 

Q 001 

3 4 

5 

0 0 

10 mg. chymotrypsinogen 

0 002 

3 4 

5 


10 mg gelitta 

0 0015 

3 2 

5 



m proteins lodme does react with free tryptophane m aad solution 
but does not destroy the reducing group Furthermore, m the cases 
studied lodmc m aad solution does not react with tryptophane when the 
tryptophane is part of a native protem 

It has been repeatedly shown that lodme oxidires c>'Steme m aad solution 
and that the SH is oxidized be>'ond the S-S stage At pH 3 2 m 0 01 N 
acetic aad I have found that one molecule of c>'Bteme consumes three 
molecules of iodine, which corresponds to the formation of cysteic aad, 
RSO^ 

Although dilute lodmc m aad solution can oxidize cj'steme beyond 
the S-S stage, It does not react with cystine at all m 0 01 N HCl (Dowler, 
1928) or, as I have found, m 0 01 N acetic aad Apparentl) the first 
product of the oxidation of cysteme b> lodme is not cystmc but some 
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other substance Tivhich is oxidized further by iodine more readily than 
cystme 

The experiments with iodine do not estabhsh the nature of the reactive 
mtermediate product A likely hj^othesis is that RSH is first converted 
into the free radical, RS (Hellerman, 1937) which can either dimerize to 
RS— SR or react further with iodine Schonberg, Rupp, and Gumhch 
(1933) have given e\adence that RS radicals can exist under certam con- 
ditions Another possibihty is that RSH is first converted mto RSOH 
(Toenms, 1937) 

Theoretically m order to oxidize the free radical RS with the least mter- 
ference from dimerization to RS-SR one should add an excess of lodme 
all at once to a dilute solution of RSH These conditions are not fulfilled 
m the ordinar}'^ iodine titration of c^'steine and so less than six equivalents 
of iodine are used up per molecule of C3’^steme 
If one molecule of lodme reacts with one molecule of RSH then a free 
radical is formed not only from the RSH but also from the iodine 
The two step oxidation of RSH to RS~SR and of 1“ to T resembles the 
two step oxidation of dyestuffs discussed b}^ Michaehs and Schubert (1938) 
in that an apparently tnmolecular reaction really consists of successive 
bimolecular reactions with the mtermediate formation of free radicals 
In the oxidation of dyestuffs, however, two electrons are removed from a 
smgle molecule whereas m the oxidation of RSH and 1“ two electrons 
are removed from two separate particles Furthermore, the oxidation- 
reduction systems discussed b}'- IMichaehs and Schubert are equihbnum 
systems and the techniques used to study them are based on this fact 
The system formed when lodme is added to cysteine is not an equihbnum 
S3"stem There are other oxidation-reduction s3'^stems formed b3'^ the 
addition of lodme, however, which are equihbrium systems 

On the practical side, it ma3’^ be possible to use lodme to oxidize the SH 
of mtact protein be3^ond the S-S stage without any oxidation of the S-S 
groups present The S-S groups could then, either before or after h3'- 
drolysis, be reduced to SH and estimated without any mterference from the 
origmal SH groups which have been abohshed b3'- the reaction xvith lodme 
lodme not only does not react with free (ystme m aad solution but does 
not react with msuhn which is rich m cystme 

At pH 3 0 iodine does not react with puSe t3Uosme or with pepsm which 
contams t3UOsme In neutral solution lodme converts both pure tyrosine 
and the tyrosme of pepsm mto duodotyrosine Duodotyrosme, like ty- 
rosine Itself, reduces the phenol reagent in alkalme solution (Hemott, 1937) 
Dilute lodme does not react with histidme m 0 01 N acetic aad 
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Iodine reacts wxtli tryptophane in 0 01 N acetic aad Two molecules 
of lodme are consumed per molecule of tryptophane which corresponds to 
the formation of one molecule of duodotryptophane and two molecules of 
HI The tryptophane treated with lodme, like untreated tryptophane, 
reduces the phenol reagent At pH 3 4, dilute lodme does not react with 
native chymotrypsmogen, which seems very rich m tryptophane Chymo- 
trypsmogen gives 4 3 times as much color as casern with the Bates (1937) 
modification of the May and Rose tryptophane reaction (Bates, private 
commumcation) 

In the experiments on the reactions of lodme and ammo aads a new 
colonmetnc method for the estimation of iodme is used which can also 
be apphed to the estimation of small amounts of iodide such as are hberated 
m the reaction between lodoacetamide and SH groups It has long been 
known that lodme can be estimated by the blue color it gives with starch 
provided iodide is added to suppress the dissociation of the starch iodine 
complex I have found that half saturated ammomum sulfate can be 
substituted for the iodide. When ammomum sulfate is used mstead of 
iodide, iodide can be estimated colonmetncally after it has been oxidized 
to lodme with lodate It is, of course, necessary that the iodide solution 
be free of traces of protem or protem apht products which can react with 
lodme 

lodoacelamtde — lodoacetamide reacts with SH groups with the hheration 
of iodide (Dickens, 1933 , Rapkme, 1933) 

RSH + ICHiCONH, - KSCH.CONH. + HI 

lodoacetamide also reacts with ammo groups, although more sIowl> than 
with SH groups (Michaelis and Schubert, 1934) No other reactions 
between lodoacetamide and protem groups are known 

DISCUSSION 

There are three different theories which are in harmony with the tact 
that denatured hut not native egg albumm gives a nitroprusside test for 
SH group# ' ' 

1 The SH groups of native egg albumin are free and accessible but 
relatively unreactive ' On this basis the SH groups of egg albumm become 

^ By reactivity I mean the observed rate and extent of reaction with a particular 
reagent under particular conditions. I do not mean the oxidation reduction potential 
or the equilibrium -with some activated form, neither of which can be calculated from 
the present experimental data 

It should be emphaaired that a given change in the structure of e protein may not 
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more reactive when the protein is denatured because of changes m the 
structure of the protein near the SH groups 

Mirsky and Anson (1936 a) pointed out that the effect of the denatura- 
tion of hemoglobin is sunply to extend to the aad side the pH at which the 
SH groups can be ovidiaed by ferncj’^anide 

2 Native egg albumin does not contam any free SH groups When 
the protein is denatured SH groups are formed by the breakmg of S-S 
Imkages (Burk, 1937) or by the breakmg of some as yet unidentified SH 
linkages (Greenstein, 1938) 

3 The SH groups of native egg albumm exist as SH groups but are in- 
accessible (Mirsky, 1938) When the protein is denatured it is opened 
up and the SH groups become accessible 

The present experiments on the reaction of lodme and lodoacetamide 
with native egg albumin and with various ammo acids and cysteme-free 
proteins are most sunply explained by the theory that the SH groups of 
native egg albumm are free and accessible but relatively mactive The 
other two theories, which are based on the fact that the SH groups of 
native egg albumm are not oxidized by ferricyamde, are not definitely dis- 
proven If the other two theones are to explam the new facts about the 
reactions of native egg albumin with lodme and lodoacetamide, however, 
they must include additional assumptions for which there is, at present, 
no mdependent evidence The hnked SH theory has to assume that lodme 
and lodoacetamide can react with linked SH groups under the conditions 
of the egg albumm experiments The maccessibdity theory has to assume 
that the mtenor of the molecule of native egg albumm, although inac- 
cessible to ferncyanide, is accessible to lodoacetamide and iodine Such a 
difference is not out of the question since ferncyamde, unhke lodoacetamide 
and iodine, carries a charge It should be pointed out, furthermore, that 
the inaccessibihty theory has two advantages There is mdependent 
evidence that the protem molecule opens up on denaturation And a 
single explanation is provided for the appearance on denaturation of 
many different protem groups m more reactive form 

In general, the information at present available does not permit certain 
conclusions about the exact state of the sulfur groups of native egg albumm 
Quite apart from any theory of the state of the sulfur groups of native 
egg albumin, however, it is now clear at least that, contrary to what was 

have the same effect on the ease with which the protein’s SH groups are oxidized by 
ferncyamde as on the ease with which the SH groups are oxidized by some other oxidizing 
agent or the ease with which the SH groups react with lodoacetamide 
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previously supposed, reactions of egg albumm -mtli some SH reagents are 
possible even when the protein is native. It can also be said that the 
theory that the SH groups of native egg albumin are free and accessible 
far from bemg disproven by the facts, as seemed to be the case, now pro- 
vides the simplest explanation for the new observations 

Urease and Papain — Crystallme urease gives a positive mtropmsside 
test and is mactivated by SH reagents such as copper and mercurj salts 
and lodoacetarmde These results suggest that the activitj of urease is 
dependent on the mtactness of SH groups Despite the facts, however, 
that urease gives a mtroprusside test and is mactivated by heavy metal 
salts and lodoacetarmde, it is not inactivated by lodoacetate and fern 
cyamde (Hellerman, 1937) 

The apparent contradictions found m the study of urease are now under- 
stood There are SH compounds which react much more readily with 
lodoacetarmde than with lodoacetate (Smythe, 1936) There are SH 
groups m native egg albumin, as shown m the present experiments, which 
are not oxidued bj femeyamde and yet are aboUshed by iodoacetarmde 
Finally, the activity of urease is not dependent on those relatively reactive 
SH groups of urease which give the mtroprusside test but on some different 
relatively unreactive SH groups which do not give the mtroprusside test 
If just enough porphyrmdm is added to ondue the SH groups which give 
the mtroprusside test, the urease is still active and it can still be inactivated 
by /Khlonnercuribenzoic aad (Hellerman, 1939) 

Balls and Lmeweaver (1939 o) have isolated papam and found that the 
pure enxyme does not give a mtroprusside test but is mactii ated by cystine 
and lodoacetate. They have further (19396) repeated with papam the 
hmd of experiment which had been done with egg albumm and have found 
that papam treated with cystine or lodoacetate and then denatured no 
longer has any SH groups which can be detected with mtroprusside or by 
lodme titration 

In general, there seem to be m different native protems and sometimes 
in a single protem SH groups of different degrees of reactivity The SH 
groups of native muscle protein give a nitroprusside test (Arnold, 1911) 
The SH groups of papam do not give a mtroprusside test but are oxidized 
by the weak oxidizmg agent, cystine There are SH groups in egg at 
bumm and urease which do not react with mtroprusside or even with 
femeyanide but still react with iodoacctamide Thus for the present 
one should refer to protem SH groups merely as detectable or not detectable 
and further speafy what reagent is used for the detection and under what 
conditions it is used 
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Application to Viruses —A few preliminary experiments have been made 
on the effects of lodme and lodoacetamide on viruses 

5 mg of tobacco mosaic virus was treated with 1 cc of 0 0004 n iodine 
at pH 2 8 The virus after the lodme treatment had roughly its origmal 
activity Further experunents are required to find out just how much 
the virus was modified by the iodine absorbed, and to find out whether the 
biological properties of the virus have been changed In particular it 
would be interestmg to know whether a plant infected by the modified 
virus produces the ongmal virus 

In previous experunents m which it was shown that the tobacco mosaic 
virus was modified by chemical means, the virus was inactivated (Stanley, 
1938) It has been shown in this laboratory, however, that the einyme 
protems, pepsm (Hernott and Northrop, 1934), carboxypeptidase (Anson, 
1937), and chjunotrypsm (Kunitz, 1938) can be modified without destruc- 
tion of the enzymatic activity 

The tobacco mosaic virus and the rabbit papilloma virus are not mac- 
tivated by lodoacetamide at pH 8 0 The lodoacetamide was removed by 
dialysis before the activity tests It would be desirable to test the effect 
of lodoacetamide on a virus m more alkahne solution, choosing a virus 
which IS stable m more alkahne solution 

I am mdebted to Drs A F Ross and W M Stanley for the measure- 
ments of tobacco mosaic virus activity and to Dr R E Shope for the 
measurements of papilloma virus activity 

EXPERIMENTAL 

A previous paper (Anson, 1939 b) descnbes the preparation of the solu- 
tions of egg albumm, ferncyanide, lodoacetamide, and lodme 

The starch solution is prepared as follows 2 gm of Eastman’s soluble starch are 
dissolved m 100 cc of water The solution is heated to boihng and then kept boihng 
1-5 mmutes This solution is made up anew each day Vanous Baker, Merck, and 
Pfanstiehl starches which were tned either did not give perfectly dear solutions or 
gave less color with iodine than Eastman’s starch Whether these differences are due 
to differences in startmg matenal and in manufactunng methods or smiply to differences 
m individual batches I do not know 

lodim Flu^ Nahve Egg Albiirntn —Table I shows the amounts of ferrocyamde formed 
when native egg albumm is treated with lodme under vanous conditions and then fern- 
cyanide IS added m the presence of Duponol PC 

I shall descnbe first the experiments earned out at pH 6 8 0 2 cc of 1 m pH 6 8 

sodium phosphate buffer and 1 cc of lodme solution are added to 1 cc of 1 per cent 
dialyzed egg albumin The solution is allowed to stand for 5 mmutes at ZVC and 
then there are added 0 3 cc of 10 per cent Duponol PC and 1 cc of 0 01 m ferncyanide 
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After the solution has stood for 10 minutes at 37 C. the ferrocyanide formed is esb 
mated as already described (Anson, 1939 6) 

When the apenment Is earned out at pH 4 7, 0 2 cc. of 1 ii acetate buffer containing 
equal parts acetic aad and sodium acetate is added instead of the phosphate buffer 
Before the addition of Duponol PC and femqranldc, 3 drops of OA n NaOH and the 
phosphate buffer are added. 

When the experiment Is earned out at pH 3 1 cc. of 1 per cent egg ftihnmm is 

brought to pH 3.2 (as measured by the qmnhydrone electrode) with 0 7 cc of 0 01 n HCl 
In none of the cases can the yellow color of lodme be detected after iodine is added 
to the native albumm At pH 3.2 twice aa much iodine as the 1 cc of 0 0015 K lodme 
used can be added without the appearance of the iodine color In water solution the 
color of 1 CC- of 0 0002 n iodine can readUy be detected. 

lodoccctamxde Pltu NeUitt Egg Albumin — ^There arc added to 4 cc. of 4 per cent 
dialyzed egg albumin, 2 6 cc. of 0 06 u iodoacetamlde 0.2 cc. of 0.5 N NaOH 0 7 cc. 
of water, and 0 5 cc. of a pH 9 0 borate buffer coi^tmg of 8 5 parts 0 4 ti sodium borate 
and 1.5 parts 0 4 N HCL The solution is allowed to stand 30 minutes at 25 C To 
0.5 cc. of the solution containing 10 mg of egg alhumln there are added 1 drop 0 1 n 
HQ, 0J2 cc. of 1 u pH 6.3 sodium phosphate buffer, 03 cc, of 0 1 M femevanide, and 

0 6 cc. of 10 per cent Duponol PC The solution is allowed to stand 10 minutes at 
37 C and the amount of ferrocyanide formed is found to be 0 0006 mM 

If the whole procedure is earned out with the omission of the lodoacttamide 0 001 mM 
of ferrocyarude is obtained. This shows that the reducing groups are stable at pH 9 0 
In the absence of lodoacetarmde. The tame result is obtained if Iodoacetamlde ts added 
together with ferricyarude after the neutralization or If Iodoacetamlde is added to a 
pH 63 Duponol PC solution of denatured egg albumin and femeyanide ts added 1 mm 
ate later This shows that Iodoacetamlde does not interfere with the femqyanide 
reaction m Duponol solution. 

If the egg albumin is quarter saturated with ammotuum sulfate after It has stood 
at pH 9 0 0 ^ a slight turbidity Is obtamed mdicating very little denaturatlon 

If 1 cc. of 0 4 u femeyanide is added to the 4 cc. of 4 per cent egg albumin instead 
of the iodoacetamlde, about 0 OOOOS mM of fcrrocyamde is formed m 30 minutes at 
pH 9 0 from cadi 10 mg of albumm agam mdicating very little denaturatlon. 

Iodine Plus Anune Aetds and Cystetne Free Proteins — Table n shows how much 
lodme is consumed when Iodine Is added under different conditions to vanous amino 
aads and to several native proteins which do not contam ryiteme. An excess of iodine 
is added and the amoimt of Iodine left is estimated by the blue color given with starch 
The starch lodme color reaction is earned out In 10 cc of solution containing about 

1 cc of 0 001 N Ij 03 cc of 2 N HtSOi 1 cc of itarcb solution and other 1 cc of 335 M 
K1 (Woodward, 1934) or 5 cc of saturated ammonium sulfate, K1 Is used only when 
the protem Is preapitated by ammonium sulfate. The color Is read after 5 minutes 
agamst an Iodine standard or against a blue ^azs standard which has been calibrated 
against an Iodine standard When the Klett pholodectnc colonmcter is used the blue 
^as5 need not match the blue stardi Iodine color When a NTSual colorimeter and a 

standard are used, it Is necessary to Insert a color filter such as Coming No 241 
which transmits fairly monochromatic red light 

Redudng Power of Tryptophane Treated wtik Iodine ~1 cc of 0 001 M tryptophane 
(Hoffmann La Roche) gives the same color with the phenol reagent as the same amoimt 
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of tryptophane treated in 0 01 N acetic acid with 1 cc 0 003 k lodme or 1 cc 0 007 n 
iodide The color reaction is earned out according to the directions of Fohn and Cio- 
calteu (1927) Tryptophane gives the same color as an equivalent amount of tyrosine, 
which IS a check on the punty of the tryptophane used 

SUMMARY 

The following experimental results have been obtained 

1 Native egg albumin treated with iodine and then denatured no longer 
gives a mtroprusside test or reduces dilute ferncyamde in neutral Duponol 
PC solution 

2 More lodme is needed to abolish the ferncyamde reduction if the reac- 
tion between native egg albumm and iodine is earned out at pH 6 8 than 
if the reaction is carried out at pH 3 2 At pH 6 8 iodine reacts with 
tyrosine as well as with cysteine 

3 Cysteme and tryptophane are the only ammo aads with reducing 
groups which are known to react with dilute lodme at pH 3 2 The reduc- 
mg power of cysteine is abohshed by the reaction with lodme, whereas the 
reduemg power of tryptophane remains mtact Pepsm and chymotryp- 
smogen which contain tryptophane but not cysteme, do not react at all 
with dilute iodine at pH 3 2 

4 Native egg albumin treated with lodoacetamide at pH 9 0 and then 
denatured by Duponol PC reduces only 60 per cent as much dilute fern- 
cyanide as egg albumm which has not been treated with lodoacetamide 

5 The SH group is the only protein reduemg group which is known 
to react with lodoacetamide 

The simplest explanation of the new observation that the SH groups of 
egg albumm can be modified by reactions vnth the native form of the pro- 
tem is that the native egg albumm has free and accessible but relatively 
unreactive SH groups which can react with lodme and lodoacetamide de- 
spite the fact that they do not react with ferncyamde, porph 3 Tmdm, or 
mtroprusside 

Prehmmary experiments suggested by the results with egg albumin 
indicate that the tobacco mosaic virus is modified by lodme at pH 2 8 
without being mactivated and that the tobacco mosaic and rabbit papil- 
loma viruses are not mactivated by lodoacetamide at pH 8 0 
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A DIFFERENTIAL VOLUMETER FOR MICRO-RESPIRATION 
MEASUREMENTS 

By KENNETH V THIMANN and BAKRY COMMONER 
{From tMe Biological Laboralorta Hanard Umvcrniy, Cambridge) 

(Received for publication, November 3, 1P39) 

The measurement of volume change, rather than pressure change, has 
of late come mto mcreasmg use m work on cellular respiration As com 
pared with the more widely used manometnc respirometer, the volumetnc 
apparatus, which has no greater complexity, has two advantages In the 
first place, volumetnc readmgs can be made at close mtervals smce there 
15 no need to adjust the vessel each time This makes the volumeter 
particularly useful m the study of small or transient changes in the rate of 
respiration In the second place, the sensitivity of the volumeter is in 
practice limited pnnapally hy the bore of the capillary, while that of the 
manometer depends on the size of the experimental vessel, which cannot 
convemently be less than at least 5 cc. Thus, of the two types, the volume- 
ter IS the more eaafly adaptable to high sensitivities 

Two types of volumeter have been used m micro-respiration work 
The differential volumeter measures the volume change m the experimental 
vessel as against another vessel which is sealed off from the atmosphere 
Thus this type is mdependent of vanations m the barometric pressure 
The principles and workmg of the differential volumeter have been dis- 
cussed by Fenn (1935) The smgle volumeter measures the volume change 
m the eipenmental vessel as agamst the barometric pressure, so that a 
control vessel must be used as a thermo barometer The former is the 
more practical for most purposes 

The first differential volumeter was constructed by Thunberg (1905) 
Since then several others have been developed, of which that of Fenn (1935) 
is the most widely used However, m practice the Ferm volumeter is not 
much more sensitive than the Warburg manometer, partly because it is 
difficult to manipulate the mdex drop unless the capillary is rather coarse, 
and partly because, smce the control vessel is the same size as the expen 
mental vessel, the observed volume change is only half that which could be 
obtamed with an infinitely large control vessel 

3J3 
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Duiyee (1936) constructed a differential volumeter which mcluded a 
mercury piston for controlling the index drop This apparatus used a 
very large control flask (300 cc ) but did not provide for the addition of 
matenal to the respinng tissue 

Several workers have built volumeters, both smgle and differential, of 
high sensitivity, but these were lumted to use with special kmds of tissue 
only (See the extensive literature cited by Fenn, 1935 ) Thus the dif- 
ferential apparatus of Brachet and Shapiro (1937) was designed specially to 
measure the respiration of small eggs, and the smgle volumeter of Gerard 
and Hartlme (1934) specially for use with nerves On fhe other hand, 
the so called Cartesian divers developed by Lmderstrom-Lang (1937), 
though capable of exceedmgly dehcate respiration measurements, do 
not allow of the addition of matenal to the vessel durmg the experi- 
ment 


Principles 

It was our purpose to construct a differential volumeter of a robust 
and practical form, sensitive to very small changes m respiratory rate, 
and capable of general use with vanous kmds of tissues and organisms 
As an essential feature such an apparatus should permit the addition of 
material durmg the course of an experiment The sensitivity must be as 
high as possible, but the mdex drop must be easily mampulated To make 
short-time measurements rehable, the evolved CO 2 must be very rapidly 
absorbed by the alkali 

In the apparatus to be descnbed, the experimental vessel has two cham- 
bers, allowmg ready addition of matenal durmg the run The capillary 
IS of fine bore, but manipulation of the mdex drop is made easy by the use 
of a shunt-tube The control vessel is as large as is consistent with the 
attainment of temperature equihbrium, so as not to reduce the sensitivity 
on that score The surface of the KOH exposed is large m comparison to 
the respinng material so that CO 2 absorption is very rapid, and provision 
IS made for shakmg Fmally, the movement of the mdex drop may be 
easily read with a high degree of accuracy 

Prelimmar}'- tnals m the construction of an apparatus meetmg the above 
requirements were made by Dr G Pmcus and Dr N Werthessen, to whom 
we are very much mdebted The apparatus constructed by them has been 
extensively modified by us, and with the mechanical equipment descnbed 
below will, it IS beheved, be found satisfactory for a variety of pur- 
poses 
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Dcscnptton of the lUsptromeier 

The apparatiu is shown m Hg 1 It comprises four separate parts which are jomed 
by carefully-ground, close-fitting joints ^ 

TTie control vessel, A la an upright bottle with a volume of 40 to 60 cc At its top 
is scaled on a capfllaij Ontemal diameter about 2 mm.) about 12 am long with a 
stop-cock just above the top of the bottle. Just above the bottom of the bottle, at 
right angles to its long axis, the second section is connected by means of a ground 
glass Joint. 

The second section, B, consists of a 15 cm length of fine capillary, selected under the 
microscope for its small uniform, arcular bore, with a coarser capillary (the shunt tube) 



IS rotated through a amall angle so that the shunt tube does not He directly above the 
capHlaty The stop-cock In the shunt tube is also mounted at an an^e 

sealed to both ends of It Each of these junctions conUnues mto the male part of a 
ground joint that at the bottle end having a rather wide bore but that at the opposite 
end being thickened to an internal diameter not exceeding 1 mm., in order to keep the 
volume of the experimental vess^ at a minimum. Near the bottle end of the shunt 
tube IS a sunplc stop-cock, placed at an antde to avoid obstructing the view of the fine 
capillary from above. The diameter of the fine capfllary is 0J-(X3 mm , wbDe that of 
the shunt tube is about I mm A transparent glass scale accurately ruled in J mm 
marks Is wired to the outside of the fine capOlaTy 

The third section, C is a small cyllndricid vessel for the KOH The top is slightly 
drawn m to reduce volume and the bottom flattened to form an area of about 1 5 x 20 mm , 
on which the KOH hes in a thin film 


t The vessels may be obtamed from Messrs, McAlister and Bicknell, Cambndge 
Massachusetts Wc are much indebted to Mr McAlister for his cooperation. 
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The expemnental vessel (section D) consists of two small arms about 12 mm long 
and^ with an mtemal diameter of about 6 mm These are united at an angle of about 
120 At the junction they open into a ground tube, perpendicular to the plane of the 
“V” formed by the arms, which fits mto one end of the KOH vessel To facilitate the 
introduction of the respinng matenal, this tube is of the widest possible bore— about 
4 mm The volume of vessel D is about 2 cc while the volume of the KOH and expen- 
mental vessels together is 4 to 5 cc (In practice the effective volume is reduced by 
the addition of 0 3 cc of KOH solution and 0 2 cc of fluid medium for the tissue ) The 
experimental vessel may be used in certam positions other than that illustrated in 
Fig 1, as will be descnbed below 

Mampulahon 

The apparatus is easily assembled Into the capillary tube is mserted, ma either 
end, a small drop of distilled kerosene colored with Sudan HI If the readings are to 
be made m red hght (as for work with green plants) the kerosene may be colored blue 
with Anthraqumone Green G Base (Du Pont Co ) The cock in the shunt-tube being 
open, the mdex drop is moved along the length of the capdlary several times (by tipping 
the tube) and finally left in the desired position The control vessel and the capillary 
are then jomed together A thin film of vasehne is used m all jomts (stop-cock grease 
IS used m the stop-cocks) To prevent shppmg, the jomts are supphed with hooks, 
around which rubber bands are fixed 

For measurement of O 2 consumption, a rmg of warm paraffin is placed around the 
mner wall of the KOH vessel just above the flattened bottom The latter is covered 
with 0 3 cc of 10 per cent KOH and the vessel is then jomed to the free end of the 
capillary tube 

The experimental vessel may be used m any one of several positions Ordmanly, 
it is held m the position ^ The tissue is placed m one arm and the matenal to be 
added durmg the course of the expenment m the other When, dunng the experiment, 
the addition is desired, the whole apparatus is rotated on its long axis until the ma- 
tenal runs into the arm contammg the tissue (The tippmg device is described below ) 
H an exactly quantitative addition is required, the hquid to be added may be placed 
in a small glass boat which shdes from one arm into the other when the vessel is tipped 
The experimental vessel may also be held m a semi-mverted position In this case 

the tissue is placed in the joint of the “V,” and the matenal to be added in the hori- 
zontal arm Other positions may also be used, according to the nature of the tissue 
and the amount of the matenal to be added If desired, the tissue may itself be placed 
m a glass boat and tipped mto a new solution 

When the experimental vessel has been jomed to the other parts, the whole apparatus 
IS suspended m a constant temperature water bath to within several centimeters of the 
top of the control vessel's vertical tube Both cocks are open when this is done The 
apparatus is shaken (for method, see below) and when temperature equilibnum has 
been reached both cocks are closed If it is necessary to adjust the position of the 
index drop, either the control or experimental vessel is shghtly warmed (by plaang the 
hand nearby for a moment) until the drop reaches the desired location, and the shunt- 
tube cock then opened The mdex drop will remain motionless until the cock is again 
closed This is done when equihbnum has been reestabhshed, and the readings may 
then begm If the drop traverses the entme length of the capillary before the expen- 
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mcnt 18 completed, it may be rapidly returned to the starting position by this MTn<» 
procedure, and the readmgs recommenced. 

Before the apparatus is removed from the vrater bath, both cocks are again opened 
When the resplromcter is removed, the KOH and experimental vessels alone need be 
disconnected and deaned. The ai^iaratua u then again ready for use. Once dean 
the capillary need not be redenned unless the drop shows a tendency to stick. 

The capillary Is best cleaned with a solution dther of trisodlum phosphate or of 
‘Calgomte,’* The grease is first carefuBy removed with acetone and the hot deaning 
solution then sucked through the tube The tube is finally nnsed by sucking hot dis- 
tilled water through it and then carefully dried. 


Settstitmiy 

A respirometer of the dimensions given above is capable of registering 
extremely small respiratory exchanges The equation for determining the 
sensitivity of a differential volumeter (see Fenn, 1935) is 


F 


6X 


p-y 273 
Vc 760 ^ 273 -K 


where Vc is the volume of the control vessel, Ve is the volume of the ex 
penmen tal vessel, p is the barometnc pressure, y is the vapor pressure of the 
solutions m the vessels, t is the temperature m degrees Centigrade, and b 
19 the number of cubic rmllimeters m 1 cm of capiUary length F is a 
factor such that F tunes the distance moved by the index drop is equal to 
the volume change m the experimental vessel 
Substituting the actual values for a respirometer of the above dimensions 
at a temperature of 22® C and a barometnc pressure of 756 mm * we have 


F 


, 40.36 + 4 43 756-17 273 

40 ^ 760 273 + 22 


bX 1J073 


Hence, for a capillary diameter of 0 26 mm , F ■* 0 57 r,mm per cm of 
drop motion Thus, a drop movement of 1 mm , which is easily and ao 
curatelv discernible on the glass scale, indicates a volume change of but 
0 057 cjmn 

Acccssortes 

Because of its extreme sensitivity the mppantus must be immersed m a very well 
controlled constant temperature bath. To accomplish this it is essential to use a 
double water bath A bath which wUl accommodate four respirometers Is shown in 
Fig 2A. 

The outer bath is an insulated copper tank 36 X 34 Inches and 24 inches deep The 
two inner baths are copper tanks 25 X 10 Inches, and 12 Inches deep These are sus 


’ Normal variations In barometnc pressure from day to day make no significant 
difference in the value of F as long as the ratio of I c to 1 e b large. 
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pended m the larger bath b}' means of bakehte rods Both inner and outer baths are 
actively stirred The propeller shafts leading mto the inner baths have bakehte coup- 
lings to prevent heat conduction from the sbmng motors 
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A. Plan of constant temperature tank with inner baths and accessones 
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B Brass mount and supports for ^ olumeter 


Fig 2 
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C Detail of rockmg apparatus and 
release device 


The temperature of the outer bath is controDed by means of a sensitive mercury 
thermo-regulator vhich regulates (through a relay) a coohng coil and tvo 100 watt 
knife heaters The temperature of the outer bath is thereby mamtamed with an 
accurac} of iO 015°C If the heatmg-coohng c^'cles of the outer ba* are regulated 
to a rather short penod (about 10 mmutes), the temperature of the tmier baths will 
not vat 3 - more than ±0 006°C This vanation will have no effect on the movement 
of the mdes drop It is also essential that the stinmg of the baths be verj' rapid since 





V THniANN AND B COMUONBR 


339 


a amall temperature gradient between the two ends of the respirometer will scnously 
affect the accuracy of the readings. 

The respirometer Is fixed m a mount made of }4 ^ch brass plate and perforated with 
numerous holes to permit water arculatlon (ace Fig 2B) The respirometer is held 
on the mount by two sets of brass dips together with several rubber bands The 
mount is suspended in the inner bath by dampmg the (longer) ptwted bokcUte rod on 
the i inch brass rod which passes over the center of this bath Ordinary right-angle 
apparatus damps will suffice for this purpose. Normally the (shorter) Jixtd bakellte 
rod is damped to the pivoted rod by means of a large Bulldog* paper dip When 
the vessel is to be tipped, this chp is removed and the respirometer rotated on its axis 
by swinging the free end of the fixed rod. When the material has been tipped the rod 
is returned to Its original position and damped In place. In this way, tipping is ac 
complished without any disturbance of the temperature equflibtium and readings may 
be made immediately 

In order to ensure a rapid gaseous equilibrium within the respirometer it Is neces- 
sary (m many cases) to shake It A frequency of about 80 oscillations per minute is 
adequate. The shaking may be accomplished by producing an alternating rotation 
In the i mch brass rods that are mounted above the centers of the inner baths The 
re^rometcr moimts, which ere damped to these rods, ait thereby caused to oscillate 
m on arc (an amplitude of 2 inches Is suffiaent) within the bath The simple apparatus 
which we have used for produemg this type of shaking is illustrated m Fig 2C Also 
figured 18 a release mechanism for suspending the shaking while readmgs are being taken 

Smee the mdex scale is ruled In i mm. divisions, it is necessary to use a magnifier 
in taking readings of the drop position Very accurate readings may be obtained by 
using a simple projectioa magnifier An automobile beadii^t lamp m a small reflector 
IS suspended over the center of the large tank so that Its beam falls on the center of 
the mounting plate, just below the captOary At this pomt is mounted a strip of mirror 
1 X 15 cm., in such a way that the beam of light refiected from it passes through the 
capillAry in the direction of the observer The transparent glass scale is wired m place 
above the capillary Two convex lenses fixed in a water tight tube can then be arranged 
to project a magnified image of the capOlaxy and scale on a ground glass screen In 
this way, the position of the index dre^ can bo quite easily read to within a tenth of a 
millimeter 

Typical Results 

Fig 3 Illustrates two typical respiration measurements obtained with 
this apparatus Curve B shows the change m the rate of oxygen consump- 
tion that accompanies the eicystment of the protozoan Colpoda aicvlUis 
About 5000 freshly encysted organisms were used The arrow mdicates 
the pomt at which hay mfusion was tipped into the arm containing the 
cysts Previous to this pomt the cysts consumed 0 4 c-mm of oxygen 
per hour, and the addition of hay infusion, which causes exeystment, re- 
sulted In a threefold mcrease m rate The curve shows that the appa 
ratus 13 capable of recording with a high degree of accuracy the changes 
m the respiratory rate of mmutc amounts of matenal It is also (dear that 
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the possibihty of making frequent readmgs permits of the dose foUowmg 
of these changes 

Curve A represents the oxygen consumption of a smgle section, 3 nun 
long, of Aveiui (oat) coleoptile This is a cylmder with a wall composed 
of but 6 layers of cells and an outside diameter of about 1 5 mm The dry 
weight of such a section is about 0 18 mg It is evident that the respira- 
tion may be easily followed 

More detailed study of these materials will be reported elsewhere The 
curves are given here only as examples of the use of the respirometer 
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Fig 3 Sample results obtained showing short interval readings Curve A, one 
3 mm section of etiolated Avena coleoptile m 1 per cent levulose Curve B, about 
5000 cysts of Colpoda awtillus Hay mfusion was added at the arrow, excystment 
beginning some 45-50 mmutes after the addifaon 

SUMMARY 

A modified micro-respirometer employmg the differential volumeter 
prmaple, and mechamcal accessones for the same, are descnbed 

The apparatus enables addition of solutions to be made to the biological 
matenal durmg the experiment It is of a high sensitivity, a drop move- 
ment of 1 0 rnm mdicatmg a volume change of about 0 06 c mm It may 
be used with very small amounts of biological matenal, provides for con- 
venience m manipulation, and allows readmgs to be made at 1 mmute 
mtervals 

Typical results on plant tissue and protozoa are given 
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nmtoDnenoN 

If two electrodes are placed upon the uninjured surface of a muscle or 
nerve and cormected by means of a galvanometer, no current will m general 
flow through the galvanometer If, however, one of the electrodes is 
placed upon an umnjured surface and the other upon an injured surface, 
a current will flow through the galvanometer This current has been 
termed the "current of mjury" or “demarcation current” and the potential 
difference between the mjured and the umnjured parts, which is associated 
with the current, has been vanoualy termed, “mjury,” “demarcation,” or 
“resting” potential 

The current conception of the restmg potential is that it is due to a dif- 
ference of potential between the inside and outside of the fibers which make 
up the muscle or nerve bundle. The fibers arc thought of as bemg con 
nected m parallel, partly short-circuited by the fluid between them It is 
thought that injury permits contact to be made with the inside of the 
fiber, and the resting potential, which is of the order of tens of milhvolts m 
magmtude, is the resultant of the potentials of the component fibers of the 
muscle or nerve 

It has been held that the restmg jxjtential is due to a difference in con 
centration of certam ions on opposite sides of a semi permeable membrane 
For an anion impermeable membrane such as is assumed by some for 
muscle and nerve, the concentration potential may be expressed thus 


where E is the potential m millivolts, R is the gas constant, and Ci and Ci 
are concentrations of the same electrolyte on either side of the membrane 
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From the work of Fean and his coworkers (Hegnauer, Fean, and Cobb, 1934), it 
has been calculated (Cowan, 1934) that in frog muscle the concentration of K within 
the fibers is about eighteen tunes that m the fluid outside them Since most of the 
K within the fibers is beheved to be osmoticaUy active, a potential difference of about 
73 mv can be expected from concentration potential formulae The observed restmg 
potential is considerably lower, about 42 mv The restmg potential observed m crab 
nerve is also considerably lower than that calculated from concentration potential data 
(cf Cowan, 1934) 

Attempts have been made to lay this discrepancy to (1) short-arcmting by connective 
tissue and mter-fibnilar fluid, (2) a potential due to as 3 Tnmetiy of the membrane, acting 
oppositely to the injury potential (Franas, 1937), (3) phase-boundary potentials at the 
two surfaces of the membrane (Teorell, 1935) 

The effect of ions upon the restmg potential has long been a sub- 
ject of interest In 1905 Hober showed that cations mfluence the 
restmg potential of frog muscle m the foUowmg order of effectiveness 
Li<Na<Mg<Cs<NH 4 <Rb<K Anions mffuence the potential to 
a much lesser degree, and in the foUowmg order of effectiveness 
CNS<N 03 <I<Br<Cl<acetate<HP 04 <S 04 Netter (1927) found that 
cations mfluenced frog nerve restmg potentials m the foUowmg order 
Ca==Li~Na < Cs <NHj <Rb <K, while anions had no effect 

Hober and Strobe (1929) confirmed the findings of Netter on frog nerve 
and concluded that the order of effectiveness m general depended upon 
ionic volume and that deviations from this rule could probably be ac- 
counted for by the action of the ions upon the membrane e g , changing 
pore size, charge, etc They also found that though the alkalme earths 
had varying influences upon frog nerve restmg potentials m themselves, 
they were able to prevent the depressing action of K, when applied to the 
nerve simultaneously More recently Hober and his coworkers have shown 
that vanous organic ions and molecules, as well as K, have the power of 
lowermg the restmg potential (Wilbrandt, 1937, Hober, Andersch, Hober, 
and Nebel, 1939) 

The experiments here reported were undertaken with a twofold pur- 
pose (1) to mvestigate the relationship between alkaline earths and K m 
non-myelmated crab nerve and (2) to determme whether there exists a 
neutralizmg effect of the alkalme earths upon the organic depressants It 
will be shown that in crab nerve the alkalme earths have no effect upon 
the restmg potential m themselves but are able to prevent the depressmg 
action not only of K but also of the organic depressants 

Material and Methods 

The non-myelinated nerve of the proximal segment of the claw or of the first walking 
leg of the spider crab, Xibimo conaficidala, was used throughout for the resting potential 
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mcastnemcnts The nerve -was carcfufly dissected oat and permitted to equilibrate 
in oxygenated sea ■vratcr for at least a half hour It vras then placed in the nerve chamber 
and pennitted to equilibrate further for about an hour until an approximately steady 
resting potential value was readied 

The nerve chamber used for the resting potential measurements (Fig 1) consisted 
of a box containing paraffin, m which were imbedded at nght angles two U shaped glass 



Fig 1 Fio 2 


Fio 1 Nerve chamber top view Dotted Ime mdicatea portion of glass tubing 
below the surface of solid parai^ A, blind glass tube containmg sea water, BB', glass 
U tube contammg sea water or test tolutioD CC^, glass TJ tube containing isotomc 
E.G DD' small ^lasa U tube for air, a, glass support, imc., moist chamber n, nerve. 

Fio 2 Nerve chamber side elevation, sp solid paraffin Other designations 
as m Fig 1 



tubes, BB' and CC' and a blmd glass tube, A The distance (outside measurement) 
between A and C was about 4 cm 

Tube A was filled with sea water Tube BB was filled cither with sea water or 
some test solution whose effect upon the nerve was bdng investigated Tube CG 
was filled with Isotonic K.Q 

Two gliM suppoUs (»), imbedded m the paraffin inspended the nerve (n) m such 
I way that one end dipped into the sea water at A, the middle dipped Into the sea water 


m the -work of Fenn and his coworkers (Hegnauer, Fenn, and Cobb, 1934), it 
en calculated (Cowan, 1934) that in frog muscle the concentration of K within 
ers IS about eighteen tunes that m the fluid outside them Smce most of the 
un the fibers is beheved to be osmotically active, a potential difference of about 
can be expected from concentration potential formulae The observed restmg 
lal IS considerablj' lower, about 42 mv The restmg potential observed m crab 
s also considerably lower than that calculated from concentration potential data 
iwan, 1934) 

empts have been made to lay this discrepancy to (1) short-circuitmg by connective 
ind mter-fibnllar flmd, (2) a potential due to as 3 mimetry of the membrane, actmg 
tely to the injury potential (Francis, 1937), (3) phase-boundary potentials at the 
rfaces of the membrane (TeoreU, 1935) 

j effect of ions upon the resting potential has long been a sub- 
if interest In 1905 Hober showed that cations influence the 
g potential of frog muscle m the foUowmg order of effectiveness 
!'a<Mg<Cs<jNJH 4 <Rb<K Amons influence the potential to 
icb lesser degree, and m the foUowmg order of effectiveness 
CN 03 <I<Br <Cl<acetate<HIP 04 <S 04 Netter (1927) found that 
is influenced frog nerve resting potentials m the foUowmg order 
L.i=Na<Cs<NH 4 <Rb<K, while amons had no effect 
er and Strohe (1929) confirmed the findmgs of Netter on frog nerve 
oncluded that the order of effectiveness m general depended upon 
volume and that deviations from this rule could probably be ac- 
ed for by the action of the ions upon the membrane e g , changmg 
size, charge, etc They also found that though the alkahne earths 
■aiyung influences upon frog ner\’-e restmg potentials m themselves, 
were able to prevent the depressmg action of K, when apphed to the 
sunultaneousl}* i\Iore recentl)^ Hober and his coworkers have shown 
canous orgamc ions and molecules, as weU as K, have the power of 
mg the restmg potential (W^'ilbrandt, 1937, Hober, Andersch, Hober, 
Cebel, 1939) 

; experiments here reported were undertaken with a twofold pur- 
(1) to mvestigate the relationship between alkaline earths and R m 
ivelmated crab nerv^e and (2) to determme whether there exists a 
ahzmg effect of the alkahne earths upon the organic depressants It 
le shown that m crab nen’^e the alkahne earths have no effect upon 
atmg potential m themselves but are able to prevent the depressmg 
1 not only of K but also of the orgamc depressants 

Material and Methods 

; non-mj dmated nerve of the proximal segment of the claw or of the first walLmg 
hespidercrab, Lihma carahadcta,v^zsused throughout for the restmg potenUal 
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measuroncnts The nerve waa carefully dissected out and permitted to equilibrate 
in oxygenated sea water for at least a half hour It was then placed in the nerve chamber 
and permitted to equilibrate further for about an hour until an appronmately steady 
resting potential value was readied 

The nerve chamber used for the resting potential measurements (Fig 1) consisted 
of a box containing paraffin, in which were Imbedded at nght an^es two U shaped glass 
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Fig 1 



Fio 2 


Fio 1 Nerve chamber top view Dotted line indicates portion of glass tubing 
below the surface of s<iid paraffin. A blmd glass tube containing sea water- BB' glass 
U tube containing sea water or teat solution CC , glass U tube containing aotonic 
KQ DD' small glass U tube for air, s, glass support m.c. moist chamber n, nerve 
Fio 2 Nerve rhamlyr side elevation solid piaraffin Other designations 
as in Fig 1 
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Fic 3 Electrical set up for injury potential measurements 


tubes BB and CC and a blmd glass tube A The distance (outside measurement) 
between A and C was about 4 an. 

Tube A was filled with sea water Tube BB was filled cither with sea water or 
some test solution whose effect upon the nerve was being Invcsti^ted Tube CC^ 
was filled with Isotonic ECl 

Two glass supports (s) imbedded in the paraffin, suspended the nerve (n) in such 
a way that one end dipped into the sea water at A the middle dipped Into the sea water 
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From the work of Fenn and his coworkers (Hegnaner, Fenn, and Cobb, 1934), it 
as been calculated (Cowan, 1934) that m frog muscle the concentration of K withm 
le fibers is about eighteen times that m the fluid outside them Smce most of the 
‘ within the fibers is beheved to be osmotically active, a potential difference of about 
3 mv can be expected from concentration potential formulae The observed restmg 
otential is considerably lower, about 42 mv The restmg potential observed m crab 
erve is also considerably lower than that calculated from concentration potential data 
/ Cowan, 1934) 

Attempts have been made to lay this discrepancy to (1) short-arcuitmg by connective 
ssue and mter-fibnllar flmd, (2) a potential due to asymmetry of the membrane, actmg 
ppositely to the mjury potential (Franas, 1937), (3) phase-boundary'- potentials at the 
vo surfaces of the membrane (Teorell, 1935) 

The effect of ions upon the restmg potential has long been a sub- 
let of mterest In 1905 Hober showed that cations influence the 
sstmg potential of frog muscle m the followmg order of effectiveness 
fi<IIa<Mg<Cs<AIE[{<Rb<K Anions mfluence the potential to 

much lesser degree, and m the followmg order of effectiveness 
-NS <N 03 <I <Br < Cl <acetate <HPOi <S 04 Netter (1927) found that 
ations influenced frog nerve restmg potentials m the foUo-wmg order 
'a=Li=Na.<Cs<NH 4 <Rb<K, while anions had no effect 

Hober and Strobe (1929) confirmed the findmgs of Netter on frog nerve 
nd concluded that the order of effectiveness m general depended upon 
imc volume and that deviations from this rule could probably be ac- 
ounted for by the action of the ions upon the membrane e g , changmg 
iore size, charge, etc They also found that though the alhahne earths 
ad varymg influences upon frog nerve restmg potentials m themselves, 
hey were able to prevent the depressmg action of K, when applied to the 
erve simultaneously More recently Hober and his coworkers have shown 
hat vanous orgamc ions and molecules, as well as K, have the power of 
pwermg the restmg potential (Wilbrandt, 1937, Hober, Andersch, Hober, 
nd Nebel, 1939) 

The experiments here reported were undertaken with a twofold pur- 
lose (1) to mvestigate the relationship between alkaline earths and K m 
.on-myehnated crab nerv’-e and (2) to determme whether there exists a 
leutrahzmg effect of the alkaline earths upon the organic depressants It 
nil be shown that m crab nerve the alkahne earths have no effect upon 
he restmg potential m themselves but are able to prevent the depressing 
ction not only of K but also of the organic depressants 

Material and Methods 

The non-myelmated nerve of the proximal segment of the daw or of the first waiting 
;g of the spider crab, Lrbtma canaUcuIala, was used throughout for the resting potential 
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or test solutioa at B, and the other end dipped into the isotonic KCl solution at C, which 
served to injure that end 

Contacts were made at B and so that the difference of potential between the 
rmddle and mjured end of the nerve could be measured The sea water tube, A, was 
present only to insure as good a physiological condition as possible m that region, so 
that no mjury effects might pass from that end of the nerve to the middle region of 
the nerve at B, and to msure that the potential tapped off at B' and C' mdicated a differ- 
ence of potential at mjured and unmjured portions of the nerve 

Ordmanly, when sea water was in contact with the middle, unmjured portion of the 
nerve, a difference of potential of about 20 mv was detected between the middle, un- 
injured (B) and the mjured end portion (C) When the middle portion (B) was blled, 
the potential difference disappeared 

A moist chamber (m c ), whose edge was smeared with vasehne, fitted mto a circular 
groove m the paraflln and enclosed the nerve, portions A,B, and C of the tubes, the glass 
supports (s) and one end, D, of a small U shaped glass tube, DD', which served to allow 
air to enter the moist chamber The glass supports were coated with vasehne and 
the surface of the paraffin was kept dry to avoid creepmg 

Fig 2 IS a side elevation of the nerve chamber 

From the nerve chamber at B' a sea water-agar bndge led to a beaker of sea water 
(Fig 3) A saturated KCl-agar bridge led from the beaker of sea water to a beaker 
contaimng saturated KCl, into which dipped the tube of a calomel half cell From the 
nerve chamber at C' an isotomc KCl-agar bndge led to a beaker of isotomc KCl A 
saturated KCl-agar bndge, connected the beaker of isotomc KCl with a beaker of satu- 
rated KCl, mto which the tube of a second calomel half cell dipped It will thus be 
seen that the electncal set-up leadmg off from the middle and mjured end of the nerve 
IS symmetncal, and that any potential detected must be due solely to a difference of 
potential between these two portions of the nerve 

The potential picked off at the calomel half cells was balanced by means of a po- 
tentiometer until no deflection was observed m the galvanometer, which was used as 
a null pomt instrument The potential difference could be determmed to 0 1 mv The 
experimental error was about 0 5 per cent The curves shown in the vanous figures 
represent typical results 

After a few readmgs had been taken with BB' filled with sea water, and it had been 
estabhshed that the nerve had reached a fairly steady state, the sea water was removed 
by means of a pipette mserted at B', and a test solution, whose influence on the resting 
potential was about to be mvestigated was mtroduced at B' To prevent contammation 
the tube BB' was washed rapidly but repeatedly with the new solution before the next 
readmg was taken 

A number of experiments was also done to determme the effect on excitabihty of 
the substances used m studymg the restmg potential In these experiments the nerve 
of the proxunal segment of the claw was dissected out but left attached to the more 
distal portions of the daw Movement of the daw was used as an index of the exata- 
bihty of the nerve The preparation was damped at the pomt of articulation of the 
proxunal and next distal segment The portion of the nerve which had been dissected 
out was permitted to hang down mto a beaker of oxygenated sea water or test solution, 
as the case might be At mtervals the beaker was removed and the threshold stunulus 
which ehated movement of the daw was determmed by means of an mductonum 
Smce only gross changes m excitabihty were being mvestigated, this method sufficed 




I 


* 


\ 

34S STABILIZATION OT SPIDER CRAB jnERVE MEMBRANES 



pared in magnitude with the fall m potential of about 1 mv pe: 
which foUo-vis treatment with isotonic KCi 

The alkalme earths, Ba, Sr, and Ca, have, however, a definite 
mg mfluence upon the membrane with the result that K is meffi 
lowermg the restmg potential when a solution contammg both K 
alkalme earth ion is apphed to the nerve (The term, “stabil: 
IS here used merely to indicate an alteration of conditions such t 
stances which were previously strongly depressant no longer h 
effect No particular mechamsm is imphed ) Ba, Sr, and Ca 
equal m their stabilizmg power A greater proportion of Ca 
and a greater proportion of Sr than Ba is necessary to offset the de 
action of K 

This question was mvestigated by ascertammg what proportion 
tonic alkalme earth chloride solution had to be added to isotonic 
order to bnng about neutralization of the E lowering effect It wi 
that while a solution containing two parts of isotomc BaCh to one 
isotomc KCI resulted m neutralization of the K effect (Fig 5A 
greater proportions of isotomc SrCls and CaCh were necessary 1 
neutralization A ratio of five parts of isotomc SrClj to one pan 
tonic KCI (Fig 5C), and eleven parts of isotomc CaCh to one par 
tome KCI (Fig 5E) were necessar}' before neutralization of the 1 
occurred 

That these ratios are threshold ratios for stabilization can be 
strated, smee solutions shghtl}’' weaker m alkalme earth content a 
fectual m overcommg the depressmg mfluence of K, e g while a 5 
of Sr to K has a neutrahzmg effect, a 2 1 ratio has not (Fig 5C), 
11 1 ratio of Ca to K has a neutrahzmg effect, a 5 1 ratio has nc 
5E) etc 

That the depressmg effect of K would be present m solutions con 
such low dilutions of K was shown smee the potential dropped when 
were treated with solutions contammg 1/3 isotomc KCI and 2/3 se; 
(Fig 5B), 1/6 isotomc KCI and 5/6 sea water (Fig 5D), and eve 
isotomc KCI and 11/12 sea water (Fig 5F) (Had the treatmer 
KCl-sea water solutions been allowed to contmue longer, the d 
potential obtamed would m ever}^ case probably have been even g 
cf Fig 9) 

It will be noted that the stabilizing power of the alkahne eartl 
Sr, and Ca, seems to be related to their place m the atomic table W 
or not this is of any significance is hard to saj^ However, from iti 

+-1^0+ TV/frr TTT/Mllr^ O \ 
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Stabilizing power than even Ca We can mdeed see (Fig 5G) that a solu- 
tion containing 11/12 isotonic MgCh and 1/12 isotonic KCl is ineffectual 
in neutrahzmg the depressing action of K It might then be suggested 
that the nerve be treated with a solution higher in Mg content and lower 
m K content However, this was not feasible since in solutions weaker in 
K, ze contammg less than one part of isotonic KCl to eleven parts sea 
water, the depressmg action of the K+ was not mvariably demonstrable 

All conclusions concemmg relative neutralizmg power of the alkalme 
earths agamst the depressmg action of K must perforce be somewhat tenta- 
tive masmuch as they are based on experiments m which the agents are 
permitted to act for only short times and the amount of depression of the 
potential caused by KCl is quite small (Fig 5) Agents were permitted to 
act only for relatively short tunes smce it was felt that mterpretation would 
be simpler if irreversible effects were avoided Later, however, the work 
was repeated usmg longer tunes m order to mvestigate the duration of the 
neutrahzmg effect of the alkalme earths It was found that the effect may 
last for many hours It was also established that the alkalme earths are 
capable of preventmg the action of depressants strong enough to cause, 
when present alone, a decrease of potential of 50 per cent or more It will 
be seen later (m the first experiment presented m Fig 9) that BaCh pre- 
vents depression of the potential by KCl for about 2 J hours and that if the 
same proportion of KCl is mixed with sea water mstead of BaCL a marked 
decrease m potential (64 per cent) occurs The experiments employmg 
longer times lend support to the earlier ones m which only short exposures 
are mvolved 

It was shown by Bishop (1932) that veratrme, as well as K, depresses 
the restmg potential of nerve It was thought that it might be of mterest 
to ascertam whether or not the alkalme earths could neutralize the de- 
pressmg action of such an organic cation 5 mg per cent veratrme sulfate 
m sea water (0 00004 m) depresses the mjur}^ potential of spider crab nerve, 
yet when this amount is dissolved in isotonic BaCL, Sr CL, CaCL or even 
MgCL, the membrane is somehow stabilized (Fig 6 and cf Fig 9) The 
stabihzmg power of hig agamst veratrme sulfate was of added mterest smce 
it had not been possible to demonstrate its stabilizing power against K 

It has been shown by Hober and others (Wilbrandt, 1937’, Hober, An- 
dersch, Hober, and Nebel, 1939) that various other organic ions and 
molecules are able to depress the restmg potential of muscle and nerve 
when apphed to the unmjured portion These mclude vanous surface 
active, hpoid soluble, and cytolytic agents It was found possible m our 
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eipenmentB to neutralize the depressing action of some of these agents by 
means of Ba (Fig 7) 

For example, a 0 01 it chloral hydrate solution m isotomc NaCI (isotomc 
NaCl, 0J2 11 , m itself was found to have httle effect upon the restmg 
potential) depressed the potential, but a 0 01 u chloral hydrate solution m 
isotomc BaClj did not (Figs 7A and 9) (In the first case enough chloral 
hydrate to male an 0 01 m solution was dissolved m isotonic NaCl, m the 



Ro 6 Alkahae earth neutralization ot the depressant effect of veratnne sulfate 
upon the Injuiy potentlaL pj) in mllhvolts. 

second case m isotomc Badi ) Likewise a solution of saturated isoamyl 
urethane m sea water caused the restmg potential to fall , while the potential 
remained at a normal level when the nerve was treated with a solution of 
saturated isoamyl urethane in isotonic Badi (Fig 7B and cf Fig 9) 
Smularly, 1 per cent saponm in isotonic NaCl (0 014 ir) causes a drop in 
potential, while a 1 per cent saponin m isotonic Bad) solution does not 
(Fig 7E see Fig 9 for 0 1 per cent) -• , 
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A puzzling situation was at first met with m investigatmg stabilization 
of the membrane against the action of Na salicylate It was found that 
a solution containmg nme parts of 0 5 m Na sahcylate to one part of sea 



HOURS 

Fig 7 Banum neutralization of the depressant effect of vanous organic substances 
upon the injury potential pji m milhvolts 


water was successful m lowering the restmg potential, while a solution 
shghtly weaker m sahcylate ion, containmg eight parts of Na sahcylate 
to two parts of sea water, was not However, when one part of isotonic 
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BaCti was substituted tot the one part of sea water in the fortdef solution 
(resulting in a solution m which the molar proportions of Na salicylate to 
BaClj are 4^ 0 3) , no stabhiaation toot place A slightly larger proportion 
of BaCl) was then employed 8 5 parts Na sahcj'late to 1 S parts isotonic 
Bad) (a solution m which the molar proportions of Na sahcylate to BaCli 
are 4^ 0 45) but still no stabihration occurred, presumably due to the 
relatively insufSaent amount of Bb++ However, if the relative amount of 
BaCli was mcreased slightly at the eipense of the Na sahcylate, the con 
centration of Na sahcylate became too low to effect a lowering of potential 
8125 parts of Na salicy'late to 1 75 parts sea water caused no depression of 
the potential There seemed to be no solution to this problem if one were 
to confine oneself to the use of isotonic solutions smce any isotomc Na 
sahcylate-sea water rtuxture strong enough m the sahcylate ion to de- 
press the potential proved automatically too weak m Bb++ for stabihsa 
turn to take place when isotomc BaQi was substituted for the sea water 
m the mixture. 

Fmally a strongly hypertomc solution was prepared by dissolvmg suffi 
aent Na sahcylate to make up a 0 5 u solution, not m distilled water but m 
isotomc BaCli (m this solution the molar proportions of Na sahcylate to 
BaCli are S 3) In such a hypertonic solution of Na sahcylate m isotomc 
BaQj stabihiation was obtained, although m a solution consistmg of the 
same concentration of Na sahcylate m distilled water, a sharp drop m po- 
tential was observed (Fig 7C) 

The use of a hypertomc solution was 3 usti£ed when It was found that the 
testing potential was unaffected by sea water as hypertomc as 200 per cent 
(Fig 7D) (A 200 per cent sea water soluhon was made up by dissolving 
30 gm of NaCl In a hter of sea water ) 

The lack of effect upon the resting potential of hypertomc sea water was 
m itself of mterest. WUbrandt (1937) studied the effect of varied osmotic 
pressure on the potential of frog nerves. He found thatif theouter medium 
were diluted the resting potential rose at first (due presumably to a con 
centration effect) and then fell Increasmg the concentration of the outer 
medium, on the other hand, caused the potential to nse. He notes, bow 
ever, that a similar effect could not be obtained with crab nerves and 
states that "since we know nothing about the osmobc properties ot this 
nerve it Is hard to mterpret this negative result" 

With the purpose of throwing some lighton the osmotic properties of crab 
nerve, nerves were dissected out and placed m various concentrations of 
hypo- and hypertonic sea water At intervals they were removed from the 
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solutions, blotted rapidly on filter paper, weighed on a torsion balance, 
and returned to the solution Errors were largely due to vanation in 
thoroughness of blotting, etc and were equal roughly to about 10 per cent 
Preliminary experiments indicate that while nerves placed in strongly 
hypotonic solutions swell appreciably, those placed m solutions as hyper- 
tonic as 200 per cent sea water exhibit neither swellmg nor shnnlang (Fig 
8) The latter observation is of especial interest m mew of the fact that 
no change m restmg potential was observed on treatment with such hyper- 
tonic sea water solutions 



Fig 8 Osmotic properties of the non-myelmated spider crab nerve Nerves were 
immersed in vanous hypo- and hypertonic sea water solutions, removed, blotted, and 
weighed on a torsion balance at intervals Percentage change m weight is plotted against 
time m minutes 

Experiments mvolvmg neutralization of some of the organic depressants 
by the alkalme earths were recently repeated usmg longer tunes of ex- 
posure to the agents The work is summarized m Fig 9, where it can be 
seen that the neutralization effect may last for many hours and that the 
alkalme earths are able to prevent the action of organic depressants strong 
enough to cause, when present alone, a decrease of potential of 50 per cent 
or more 

With only one substance, dibutyl amme, was failure encountered in 
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Fio 9 Banum neutralization of the depressant effect of K and various organic substances upon the injury 
potential pj) fai millivolts. Note that the agents ■were penmtted to act for long times. 
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attempting to obtam stabilization agamst the lowenng effect by means of 
BaClj A solution of 0 2 m dibutyl amine in sea water causes definite lower- 
mg of the restmg potential (Fig lOA) There is no mdication of neutraliza- 
tion of this effect when a 0 2 m dibutyl amme solution is made up m isotonic 
BaCb mstead of sea water (Fig lOB) Even the gentle falhng off of the 
potential obtamed with a 0 15 m dibutyl amine m sea water solution (Fig 
IOC), IS not completely neutralized when a solution of 0 15 m dibutyl amme 



Fig 10 Effect of dibutyl amme upon the mjuiy potential p d in milhvolts 


m BaCli solution is used (Fig lOD) As yet no adequate explanation for 
the lack of stabilization of the membrane by Ba agamst the depressing 
effect of the dibutyl amme has been amved at In concentrations lower 
t han 0 15 M the lowermg effect of the dibutyl amme m sea water upon the 
resting potential is too poorly marked for mvestigation at this concentra- 
tion to be feasible 

Little success was attained m attemptmg to depress the potential with 
such substances as solanme m saturated solution, yohimbme, m concentra- 




ETTA GUTTMAN 


357 


tiona as great as 50 mg per cent m sea water, digitonm, in concentrations 
as great as 50 mg per cent in isotomc NaCl, or a 3 per cent cocame m sea 
water solution At tunes n slight drop m potential could be obtamed with 
these substances, at others, none It was therefore not feasible to attempt 
stabihration agamst the action of these substances 



Fio 11 Depressant effect of certain organic BubsUmcei upon odUbility • nerve 
in sea water or isotonic NaCI (0^2 u) O nerve in test solution. Unit equaU 4 cm. 
separation of coils of Inductonum. Imtial coll separation set for threshold exatatlon 
of nerve. 

It was felt that it might be of mterest m addibon to determme the effect 
of the depressmg agents and the neutralizing alkahne earths upon ex 
citabQity of the spider crab nerve The results of these mvestigaiions arc 
summarized m Figs. 11 and 12 
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In confirmation of the work of Tashiro (1917), it was found that chloral 
hydrate (enough for a 0 006 ir solution was dissolved in isotonic NaCl 
instead of distdled water) reversibly depresses the excitability of the spider 
crab nerve (Fig IIB) As he had found with ethyl urethane, it was es- 
tablished that isoani}! urethane (enough for a 0 15 ai solution was dissolved 
in sea water mstead of distdled water) is capable of depressmg excitabiht}'^ 
of the nerve reversibly (Fig IIC) In addition sapomn, Na sahcylate, and 



Fig 12 Depressant effect of alkaline earths upon exatabihty Note that the effect 
IS m ever}’^ case reversible •, nerve in sea water, O, nen'e in test solution Unit 
equals 4 cm separation of coils of inductonum Initial coil separation set for threshold 
exatation of nerve 

veratrme sulfate were found to depress exatabdity In the case of Na salicyl- 
ate (enough Na saliqdate to make a 0 5 ii solution was dissolved m distilled 
water and then one part of this solution was added to one part of sea water 
resultmg m an approximately 0 25 M solution) good recover}^ was possible 
if the concentration used was sufficiently low and the tune of action suffi- 
ciently short (Fig 1 ID) In the case of saponin, a strongly ci tolytic agent, 
no recover^’^ v as obtamed even when a concentration (0 25 per cent dis- 
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solved m isotonic NaCl or 0 0034 u) so low that its effect was not apparent 
for several minutes was used (Fig llA) No reco\er> was obtamed 
after use of veratrme sulfate in concentrations ns low as 1 mg per cent 
dissob'edm sea water or 0 000007SU (Fig HE) This lack of reversibility, 
however, ma) have been merclj a question of not emplojmg the proper 
concentration over a proper period of time. 

The threshold concentration for mfluencmg cicitabihtj is much lower 
than the threshold concentration of the same substance for depressmg the 
restmg potential 

In the case of the alkalme earths, Ba, Sr, Ca, and Mg, when used m con 
centrations ns strong as isotonic there was mi’annblj a reversible depression 
of eicitabihty, provided, of course, that the alkaline earth was not per 
mitted to act upon the nerve for too long a penod of time (Fig 12) 

DISCUSSION 

It maj well be that the measured mjury potential is not due to one 
factor alone, but is the resultant of a number of factors, e g concentra 
tion differences, polarization, and possibl) others. It is not at present 
possible to say whether the agents used m the experiments here reported 
affect onlj one of these factors or more than one However, it might be 
well to examme some of the theories advanced m e.TplanBtion of resting 
potential phenomena 

It has been suggested that the restmg potential is largely a concentra 
tion potential set up b} a difference m K.+ concentration mside the nerve 
fiber and in its surtoundmg medium Cowan (1934) has shown, in sup- 
port of this theoiy , that the restmg potential may be lowered bj mcreasing 
the amount of K m a solution m which a crab’s nerve is bathed He argues 
that increasmg the K'*" m the outer medium tends to equalize the amount 
of K+ outside and m, and thus the potential difference is lowered Oster 
hout was simdarl} able to depress the restmg potential in NUella b) m 
creasmg the K.+ content of the outer medium (Osterhout, 1931) For a 
long time it has been felt that normall> the rfile of a difference of K+ con 
centration is of utmost importance m establishmg the resting potential 
It was found bj Bishop (1932) for veratrme and by HSber and his co- 
workers (Wnbrandt, 1937, H0bcr, Andersch, Hflber, and Nebel, 1939) 
for vanous other orgamc ions and molecules that when introduced into the 
external flmd m which a nerve was bathed, the) were efficaaous m lowenng 
the potential What part these or similar substances pla) normall) In 
nen'e ph3’sioIog), and their possible relation to nerve metabolism are 
questions of much mterest 
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There is no reason to assume that because both K and the organic sub- 
stances depress the restmg potential, the mechanism behmd their action 
IS identical 

Indeed, the fact that the relative concentration of K necessaiy to depress 
the restmg potential m crab nerve is of a much greater order of magnitude 
m general than that of the orgamc substances suggests the possibihty of 
diJfferent mechamsms m the two cases A 0 04 m KCl solution (one part 
isotomc KCl to eleven parts sea water) was necessary for lowermg the 
potential perceptibly, while a 0 00004 M veratnne sulfate solution was suffi- 
aent for this purpose 



LOG VERADTOC SULFATE CONCENTRATION IN MOLS 

Fig 13 Effectiveness of various veratnne sulfate concentrations on injury potential 
Ordinate indicates drop in potential in millivolts effected by drug after IS mmutes 
action on nerve 

In an effort to throw some light on the mechanism responsible for the 
lowermg of the restmg potential by organic substances, the potential 
difference drop produced m 15 mmutes b)-^ veratnne sulfate was plotted 
agamst the loganthm of the concentration (m mols) used (Fig 13) A 
straight Ime seems best to express the data, which is of mterest smce, m 
general, a concentration effect seems to depend upon the concentration 
already actmg There is considerable scattenng of pomts but it should be 
kept m mmd that throughout the experiments with almost all agents used, 
absolute values for the amount of lowermg at a smgle concentration dif- 
fered widely from nerve to nerve 
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immiscible with water, and that potential differences may be considered 
to arise primarily from diffusion potentials On this basis he was able to 
calculate the mobihties of ions m protoplasm and found that guaiacol 
changes the apparent lomc mobilities of Na and K m vanous plants (cf 
Osterhout, 1939) 

Osterhout and Hill (1938) also found for Nttella that CaCb neutralizes 
the lowermg effect of KCl upon the restmg potential They suggest that 
the Ca effect may be due to a lessening of the partition coefficient of KCl, 
or to a decreasmg of the solubility of an organic substance which sensitizes 
the cell to the action of KCl 

On the basis of Osterhout’s findmgs it might be suggested that m these 
experiments on crab nerve the alkahne earths may be decreasmg the parti- 
tion coefficients of KCl and perhaps also of the organic substances, and 
thus preventmg the depressmg action of these substances If it is supposed, 
on the other hand, that the membrane is a sieve-like structure it might 
be suggested that the alkahne earths may change the effective pore size 
and thus neutralize the action of depressants 

An aspect of the results here reported which is of puzzhng nature is 
the fact that relatively large quantities of the alkahne earths are necessary 
to neutralize the action of the depressmg agents It will be remembered 
that Jacques Loeb m his classical experiments with Fundulus eggs (Loeb, 
1906) found that one ion of a bivalent metal was sufficient to render 1,000 
molecules of the poisonous salt of a univalent metal harmless Langmuir 
and Schaefer (1936) showed that the physical properties of artffiaal films 
are profoundly altered by concentrations as low as 10”'* M CaCOs and 
BaCOg, the ngidity of the film bemg greatly mcreased by these agents 
A few milhmols change in the Ca content of the blood stream is suffiaent 
to upset the delicate ion equilibrium probably present and to brmg on 
parathyroid tetany It will be readily seen that aU these quantities of 
alkalme earths necessary to offset the activity of other opposmg ions or 
molecules are much smaller m the examples given above than were found 
necessary to neutralize the depressmg action on the restmg potential of 
vanous agents used m our experiments This leads us to question whether 
the same type of “antagonism” can be mvolved m our experiments as is 
involved m the other phenomena outhned above 

On the basis of their work with Ntiella, where Ca neutralized the de- 
pressing effect of KCl upon the restmg potential, Osterhout and Hill (1938) 
also stress that the phenomenon is not related to the usual antagonistic 
effect of Ca upon K masmuch as the quantities of Ca necessary are too 

great 
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In addition to difference in order of magnitude of quantities involved, 
there is another agnificant difference between our findings and the classical 
antagonism eiperunents, such as those on Fmtdulus eggs performed by 
Jacques Loeb Loeb found that each of the antagonmng ions m itself 
was poisonous and that together they had no poisonous effect. In the work 
here reported only one of the agents depresses the potential and when 
both act together the potential is not depressed Smee the alkaline earths 
in themselves have no power of lowermg the potential, the expression, 
“antagonism” has been avoided and a more general term, t e , “neutralisa- 
tion” has been employed 

To summarize, the alkaline earths, which m themselves have no effect 
upon the mjury potential of non meduUated spider crab nerve, are capable 
of preventing depression of the potential by Z end by various organic sub- 
stances. The phenomenon is not one of antagomsm m the sense of Loeb 
Two possible explanations for the effect are the followmg The alkaline 
earths may prevent action of the dqiressants either (1) by altenng effective 
pore size m a sieve-like membrane or (2) alteniig paitiUon coeffiaents of 
the depressants. While the data do no violence to either of two current 
conceptions of the membrane ((a) a sieve-like membrane and (b) a water 
mimisabte phase between aqueous solutions), neither do they on the other 
hand favor either one exclusively 

SWUAEY 

1 The alkaline earths, Ba, Sr, Ca, and Mg, in isotomc solutions of their 
chlorides, have, m general, no effect upon the resting potential of non 
mcdullated qiider crab nerve 

2 Ba, Sr, and Ca can, however, prevent the depressmg action of K 
upon the resting potential The orderot effectiveness of these ions m this 
regard is the following Ba > Sr > Ca. 

3 Ba, Sr, Ca, and Mg oppose the depressing action of veratrme sulfate 
upon the restmg potential The order of effectiveness is Ba > Sr > 
Ca > Mg The relation between drop m potential caused by veratrme 
sulfate and the logarithm of the veratrme sulfate concentration is 
a hnear one. 

4 The action of various other organic ions and molecules which depress 
the resting potential saponin, amyl urethane, chloral hydrate, and Na 
sahcylate is neutralized by Ba. 

5 Hypertomc sea water solutions do not affect the resting potential 
Also, prelumnnry experiments mdicate that the nerves do not ahnnk m 
hypertonic solutions although they swell m hypotonic sea water 
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lie alkaline earths depress excitabihty reversibly The vanous 
c agents which depress the resting potential also depress excitabihty, 
st cases, reversibly, but the concentrations necessary to depress 
iility are much smaller than those necessary to depress the restmg 
lal 

'he relation of these findmgs to theories put forward as possible 
ations of restmg potential phenomena is considered 
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BEHAVIOR OF WATER IN CERTAIN HETEROGENEOUS 
SYSTEMS* 


Bv W J V OSTERHOirr AND I W MTORAY 
{From Die Laiomlmet o] The RochejdUr Inshtule for Uedicat Raearch) 
(Rccaved for pubbc&tfoD, October 2, 1939) 

In vanous models, designed to mutate living cells, the behavior of water 
presents mterestmg features If these occur tn vivo, as appears possible, 
they may help to explain some of the puszhng aspects of water relations in 
the hvmg organism 

The hvmg cell is a heterogeneous system smce the protoplasm is essen 
tially an aqueous sol or gel with a surface layer which is non aqueous * 
In the models the non aqueous surface layer is represented by guaiacol or 
by some other hquid immiscible with water 
The experiments fall mto 2 groups 

1 Difitsum Expmmenls — Solutes diffuse from an aqueous solution A 
through a non aqueous hqmd B, into C which consists at the start of dis 
tilled water Under certam conditions water moves from A to C In some 
cases the non aqueous layer, B, is stirred mechamcally but this does not 
ehmbate diffusion smce on each side of each mterface there is an unstirred 
layer through which substances must pass by diffusion ’ The mechanical 
sbrrmg of B hastens the process by transportmg water and solutes rapidly 
from one of these unstirred layers to the other and presumably affects all 
the diffusmg speaes alike 
The foUowmg types wdl be desenbed 

Type I no mechanical stirrmg (p 369) In a U tube (Fig 1) a non 
aqueous liquid, B, saturated with water is m contact at one side with an 
aqueous solution. A, and at the other with distilled water, C 
Type H (p 371) As m Type I except that B is anhydrous at the start 
and IS stirred mechanically 

• For ptdiminMy Accounts see OjleihouqW J V and Murray, J W 5oena, 1938, 
87, 430, 1939 90, 397 Frx Sx Exp Btol and iled^ 1938, 38, 468 

t Osteihout, W J V Erfeim FAynol, 1933 36,967, Tr Faraday Sx 1937,33,997 
'This applies also to Btimng by convection Cf 0*teihont,W J V / Gen Physiol ^ 
1932-33 16, 529 AUo Sthulnun, J and Teorell, T , Tr Faraday Sx , 1938, 84, 
1337 
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jnnation of drops ma)' be seen m B and some of these amve at the B-C mterface 
are not detached from the A~B mterface but are formed m the body of B by the 
process that causes water to pass from 5 to C at the mterface 
D ascertam whether stirrmg could detach rmnute drops of A from the A-B mterface 
any them over to C the foUowmg test was made At the start A, B, and C were 



Fig 2 Apparatus No 2, see p 367 
Fig 3 Apparatus No 3, see p 367 


u^t mto equihbnum so that on standmg no change occurred m their volumes 
rrmg was then started and earned on longer and much more vigorously than m actual 
enments Passage of drops from A to C would be shown by an increase m the vol^e 
: No such mcrease was observed although a change of 0 2 per cent could be readily 

ected 
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In some cxpcnments in which A contained Bulfanc as well as tnchloroacctic aad the 
sulfunc add entering C was so much lea than the entering water that if the entire move- 
ment of sulfunc aad were attributed to the fonnation of droplets at the ri B mterface 
and their transport m drop form to C we could say that a considerable part of the water 
entering C did not move m the form of droplets This is casfly shown by calculating 
the amount of water which would bo contamed m the supposed droplets (Regarding 
the partition coefficient of sulfunc add see Fig 5) 

It mi gh t be suggested that there la some diffusion in an aqueous film between the 
guaiacol and the glass If such a film exists its cross-section must be very small and in 
consequence diffusion through it must be very inconsiderable. 

Losses due to samplmg in the shalung experiments are not shown In the tabled because 
the reported figures arc adjusted to compensate for them Thus if one tenth of the 
solution IS tahen for analysis the subsequent values for volumes and for millimolei are 
multiplied by 10 + 9 

UnlcM otherwise stated the experimental errors arc approximately as follows For 
density 0.2 per cent for volume 0.2 to 1 per cent, for concentrations tnchloroacetlc 
aad 1 per cent, guaiacol 3 per cent, acetone 1 per cent, water 1 per cent. 

In statmg the results the figure foUowmg the sign ± refers to this cxpemnental error 
It 13 not the statistical probable error 

In aH cases the temperature was 25 d: 0J)2®C. 

In the following experiments guaiacol was employed as the non aqueous 
liquid 

Type I In a U tube (Fig 1) we place guaiacol at B Restmg on the 
guaiacol at A and C are aqueous solutions which fonn separate phases in 
contact with the guaiacol 

The guaiacol is shaken with distOled water until equlhbnum is attained 
and we place in A and C equal amounts^ of the water which has been shaken 
with the guaiacol the system is m equilibrium throughout and no move- 
ment of water occurs 

If we now lower the activity of the water in ^4 by addmg trichloroacetic 
aad we might expect water to move from C to ^4 If this occurs It is pre- 
sumably only at the start* for we find as a rule that after standing for some 
time water and aad have moved from yl to B and from B to C The higher 
the concentration of aad m A the greater the movement of water into C 
In order to analyse the solutions we remove all of yl and all of C thus 

• Figures In parentheses In the tables refer to those cases In the non-aqueous phases 
where the composition was determined by rabtiacting the amount of etch constituent 
in the corresponding aqueous phase or phases from the total amount of that constituent 
m the system Figures in square bracicts refer to water which was estimated by sub- 
tracting the wcighti of other comtitoents from the total wei^t of the phase. 

’ Unless the volumes are identical the upper surfaces of A and C will not be at the 
same height and consequently there will be a difference of vapor presaure 
•Seep 370 
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destroying any gradients which exist m them We then find that the 
vapor pressure of water m C is higher than in A ® The gradients in A are 
such that at the upper surface water will have a somewhat lower activity 
than at the bottom because at the bottom acid is leaving A, thereby in- 
creasmg the activity of the water (see p 375) “ The gradients in C are 
such that at the upper surface the activity of the water is greater than at 
the bottom because acid is entering at the bottom and thereby decreasmg 
the activity of the water (see p 375) Hence if we compare the upper 
surfaces of A and C we see that the difference in the vapor pressure of the 
water may be higher than the analyses mdicate and that m any case the 
movement of water vapor through the air above the solutions must be from 
C to A 

The movement of water m the apparatus can continue for months, ceasing 
only when A and C become identical m volume’ and m composition 

Presumably water moves at first mto ^ and then in the reverse direction 
Hence the per cent of increase of water in C depends on when the experi- 
ment IS stopped This may explam the great variation we find m this and 
other types of experiment and the fact that in some cases there is a loss of 
water from C (We cannot vety well get time curves by takmg samples at 
mtervals from C smce this would stir the contents of C and so disarrange 
the system We therefore take out all of C at the end of each experiment 
and make analyses ) 

To save space we have reported only those experiments which show rela- 
tively large gams of water m C and it should be understood that m every 
case a range of smaller values was obtamed 

Table I shows the result of an experiment m which A consisted of an 
aqueous solution of tnchloroacetic aad, B consisted of guaiacol saturated 
with water, and C consisted of water saturated with guaiacol As B and C 
were m equihbnum at the start there was no reason for water to move from 
B to C unless forced to do so by the acid diffusmg from A This type of 
experiment will be called Type I a 

It IS evident that water moved from A to Band from B to C the increase 
of water in C amounted to 44 per cent Here the volume of B was 5 ml 
and that of C was 1 ml When the relative volume of C was larger the gam 

® This -was tested by means of Barger’s method Barger, G ,Tr Chem Soc , 1904, 86, 
286 ^^^len this shows an mcrease in the vapor pressure of water in the aqueous phase 
we conclude that there is an mcrease m the activity of water in this phase (see also 
footnote IS, p 382) 

i°But as the aad leaves the lower surface of A the solution in this region becomes 
hghter and tends to nse 
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was less striking When the volume of B was 8 ml and that of C was 20 
ml the highest gam was about 6 per cent 
Type n was set up because it seemed desirable to start with anhydrous 
guaiacol m B so that all the water entenng C would have to come from A 

TABLE I* 

An Exptnmmt {Type I a, Unsturei) Shoteing Ifowmeni of Tnchloroaceitc Acid and of 
Water from A through B {Guautcot) into C (Water) 


In 66 hours 23 8 miUimolct of water entered C and thereby gained m respect to con 
centratlon, mole fraction, and activity • The increase of water in C was 44 i 1 1 per 
cent (Apparatus No 2) 




> laqacots) 


B (Dcn-aqnoQi) 


^ (aqoetiaa) 


Start 

Flsbh 

Utter 

cm 

Suit 

FtnUi 

Utfneoca 

Start 

Fbshh 

Difter 

coca 

Vohnne, 

Trichloroacetic add, 

10 0 

7 9 

-2 1 

5 0 

6 3 

+1 3 




conca. X 

3 M 

0 74 

-0 90 


3 65 

+1 65 

0 00 

042 


Millimoles 

16 4 

5 8 

-10 6 

Wt! 

10 4 

+10 4 

0 00 



Water, cohoIt k 

47 8 

50 4 

+2 6 

2 9 

(11 2) 

(+8 3) 

54 4 

52 1 

-2 3 


478 

398 

-80 0 

14 4 

(70 6) 

(+56 2) 

54 4 

78 2 

+23 8 

Guaiacol, concm u. 

0 0 

0 726 

+0 226 

8 7 

(6 S) 

(-2 2) 

Em 


BBlgftl 


0 0 

1 79 

+1 79 

43 3 

(41 3) 

(-2 0) 

0 les 


+0 166 


TABUS® n 

An Espermeot {Type II, Stirred) Shoving Uoxiemeni of TridtloroacetK Add and of Water 
from A through B {Ankydrxnu Guoujcot) into C (Water) 

In 22J hours 116 millimoles of water entered C and thereby gamed m respect to 
concentration mole traction and actmty • The incrtaie in water in C was 10 5 d: 0 6 
per cent (Apparatus No 3) 



A (KioeoQB) 

B (DDiMctincQa) 


C (aqaaoQs) 


Start 

Flobh 

Dttcr 

coce 

Start 

PteUi 

I>tttr 

Start 

Tlnkh 

Differ 

«Dca 

Volune «i 

TikUoroacttk aeSd. ceaai^ 

20 00 

U43 

-a ti 

7 0 

- 

- 

20 00 

24 00 

+4 00 

1C 

1 41 

0 90 

-1 31 

0 0 


_ 

0 00 

0 70 

-H 70 

MnUnoka. 

4S 2 

12 0 

-M 1 

0 0 

(IT 

(+17 9) 

00 

114 

+1SJ 

Water 

W « 

H9 B| 

l+«Jl 

00 


— 

334 

l» 7) 

l-t 7J 

imOnelea 

irii 

m\ 

1-206J 

0 0 

W)TO 

(+90 0) 

HOT 

imn 

l+UO) 

Ooalacol, cstKiL., 1C 

0 0 

20 

40 20 

91 


— 

0 

0 J9 

+0 19 

mOtaelti 

0 

«T 

+1 «J 

€3 7 

C« 4) 

(-7 3) 

0 0 

it 

+4 0 


(C consistmg of distilled water at the start) When this was tned diffusion 
was 60 slow that it became necessary to hasten the process by stimng B 
(sec p 365) Table II shows a result obtained m this way in 22 5 hours 
C gained 10 5 per cent water, all of which came from A 
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Type in^ In order to mmunize changes at the A~B interface 
chloroacetic acid m water) is shaken with 5 (guaiacol) and after eqi 
IS attamed the non*aqueous phase, now called B', is brought into 



Fig 4 An aqueous solution of tnchloroacetic acid (A) was shaken with an! 
guaiacol (jB) until equihbnum was attamed the resulting aqueous phase is called 
the guaiacol phase B' Then 10 parts (by volume) of B' were shaken with 1 
distilled water (O Water and aad passed from B' to C and changed C to C 
The graph showmg the percentage increase of moles of water m C, as compan 
C, IS calculated from Fig 7 Observed pomts are shown m arcles The square 
observed pomts when 100 parts of B' were shaken with 1 part (by volume) of C 
In passing from A to C the water gamed m activity 

vnth C (distilled water) Water moves into C, producing a large 
This should be considered m connection with experiments described 
(Figs 4 and 8) 

The discussion of these results will be deferred until after the descu 
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Fic 5 The ptrtitkm coeffident, St equals a)nceiitratioti in the gusiacol phase + 
concentration In the aqueous pha se. As the concentration of tnchJoroacetic aod m the 
aqueous phase Increases the partition coeffidents of water and of sulfnnc add increase 
up to the plait point® (/O where they become unity The partition coeffident of tri 
chloroaceticaddpafisesthroughamai^umand thenappToaches unity That of guala 
col decreases to unity at the plait point 



Fio 6 The partition coeffident S' equals coocentiation m the aqueous phase 
concentration in the guaiacol phase. As the concentration of trichloroacetic add 
the aqueous phase Increases the partition coeffiaent S* of gualacol Incrcasia up to the 
plait point® (F) where It becomes unlt> 


H* + 
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Shaking Expenmenis 

These were m all cases earned to equilibrium at 25 rfc 0 02°C 
T 3 qDe IV We shake A (tnchloroacetic acid solution) with B (anhydrous 
guaiacol) and call the resulting phases A’ and B' Mter equilibrium is 
attamed we shake B' with C (distiUed water) and call the resultmg phases 
B" (non-aqueous) and C' (aqueous) We then find an mcrease of water 
m a (Fig 4) 

The acid passmg from A to B increases the solubihty of water m the 
guaiacol phase (Fig 5) so that water moves with the acid mto B' When 
B' IS subsequently shaken with distilled water, C, acid passes from B' into 
C, leavmg B' supersaturated with respect to water and the resultmg excess 
of water in B' is taken up by C (For the behavior of guaiacol see Fig 6 ) 
In such experiments water passes from an aqueous phase (A) where its 
vapor pressure is relatively low to another aqueous phase (O') where its 
vapor pressure becomes much higher ® This means that the water entermg 
C gams m activity The activity is regarded as proportional to the vapor 
pressure at very low concentrations At higher concentrations we merely 
assume that as the activity decreases the vapor pressure also decreases 
without, however, bemg directly proportional to it 
As the result of the two shakmgs the origmal aqueous solutions, A and C, 
become more nearly ahke There is a net loss of free energy for the system 
as a whole although there is a gam in free energy on the part of the water 
which moves from A to C There is a loss m free energy on the part of the 
tnchloroacetic aad and of the guaiacol 

These statements may be illustrated by Table HI We see that A, consistmg of 3 47 
ir tnchloroacetic aad and 37 8 m water, was shaken with anhydrous guaiacol (B) until 
equihbnum was attained The resultmg aqueous phase, which may be called A', con- 
sisted of 1 29 M tnchloroacetic aad, 46 5 M water, and 0 44 m guaiacol, the non-aqueous 
phase, which will be called B', consisted of 2 46 M aad, 19 3 u water, and 3 85 m guaiacol 
Next B' was shaken with distilled water (C) until equihbnum was attained The 


“ The heat relations are affected by the presence of guaiacol, as is shown by the 
foUowmg experiment 

A solution, A, consistmg of 70 ml of 2 37 M tnchloroacetic aad m water was mixed 
with a stimng rod m a Dewar flask with C, consistmg of 16 ml of distilled water 
Both A and C were ongmaUy at 25 2‘’C On mixing the temperature rose to 25 8°C 
Another portion of A, 70 ml at 24 9‘’C , was mixed with B, consisting of 16 ml 
anhydrous guaiacol at 25 0°C On mixing the temperature fell to 23 9°C The result- 
ing mixture was near the plait pomt and gave two phases nearly idenUcal m composiUon 
The experiment was repeated with 1 ml less guaiacol giving a single phase The fall m 
temperature was practically the same 



J V OSTERHOUT AND J W HURRAY 


375 


resultmg iqueous solution, which will be called O', contained u tad, 47 0 u water, 
and 0 40 u guamcoL We see that (700 - 432 -) 268 millimoles of water moved from 
A to and m so doing Its activity was raised once the vapor pressure of water mC was 
higher® than m A 

The change* in the activity of the water can be qualitatively described on the basis 
that Increase in concentration in mole fraction, and in vapor pressure of water In the 
aqueous solution Indicates mcrcase In activity 

On A with 5, thereby changing A to A' and B to B\ add passes from to B 

and the concentration of water in A nsea from 37 8 m to 46 5 u (the mole fraction rises 
from 0 915 to 0 964) Hence the vapor pressure and activity of the water rise and this 
applies also to the water which passes into the gnaiacol phase, B , since the vapor pressure 
of the water mB' IS equal to that in the aqueous phase A* m equilibrium with B' 

TABLE* m 

A (tnchloroacetic aad + water) was shaken with B (anhydrous guaiacol) giving A' 
and B then B' was shaken with C (water) changing B' to B" and C to O' Water 
moved from A where its vapor pressure and activity were relatively bw to C where 
they were higher * The gain m moles of water In C' was 62 ± 1 6 per cent (sec p 374) 


1 

A 

B 

A 1 

B 

C 

- 1 

O' 


VoloEU »1 

60 n 

31J 

U 1 

77 4 

7.S0 1 

70 t 

14.S8 


D<ntlt7 

1 1.3U 

1 117 

1 ICQ 

1 226 

0 997 


1 097 

TrfehlonMCftk 

JConctu, M 

1 1 47 

0 0 

1 29 

3 46 

0 0 

2 45 

1 22 

»dd 

\SniItraok* 

211 

00 

19 S 

190 

00 

(in) 

U 2 

WftUr 

(CMen. u 

27 t 

0 0 

H6J1 

(19 3) 

U 4 

1 (17 7) 

(47 0] 

iinm— 

2»1 

00 

mol 

(14*0) 

1 472 

1 C12W) 

ITOOI 

Ookcol 


00 1 

9 1 

0 u 

3AJ 

0 0 

1 * ^ 

0 40 

\inTTUnola 

0 0 

2SS 

6 7 

29S 

1 0 0 

1 (2*6) 

S 9 


Note Small diacrepandes occur because the values are in some cases obtained by analysis 
and in others by tynth^ or by graphlcnl estimation from the solubility curves. 


While the activity of the water rises that of the add and of the guaiacol falls As A 
dianges to A' the mole fraction of add is lowered from 0 086 to 0 027 so that its activity 
decreases (the vapor pressure of aad m A' and B must be the same at equihbriutn) 
The activity of the guaiacol Is also lowered since its mole fraction In B' (0 15) is much 
less than m B (1 0) 

\VhenB Is shaken with distilled water, C it might be expected that water would move 
from C to B* this may happen at the start but os aad moves from B' into C it leaves B 
supersaturated with respect to water The excess water moves from B' Into C 

Accordmg to Table HI the concentration of water becomes higher in O than in A' 
(t.e. 47 0 u instead of 46.5 ii, and the mole fraction becomes 0 966 instead of 0 964) 
Whether the difference m the concentration of water in A* and C* a exactly 0 5 u is of 
no importance. It is evident that C* must have a higher percentage of water than A' 
because shaking B with water lowers the percentage of add m B\ thereby changing it 
to B" which is nearer the base of the tnangle on the curve in Fig 7 than B' is. Hence 
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an aqueous phase C' which has a lower position on the curve 

SZr aS •“ I'-S 7) 



Fig 7 Mutual solubility of aqueous and guamcol phases containing trichloroacetic 
acid The compositions given in the diagram represent weight percentages The plait 
point IS at F 

«i IS an aqueous phase m equilibnum with a guaiacol phase n, m is an aqueous phase 
contammg more water than m but it is in equihbnum with a guaiacol phase n' containing 
less water than n and havmg lower vapor pressure of water Hence as the mole fraction 
of water in the guaiacol phase increases the vapor pressure and activity of water in this 

phase decrease (see p 381) 

Type V When anhydrous guaiacol (B) is shaken with distilled water 
(C) and then with tnchloroacetic aad solution (A) no water passes from 
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CtoA Although the guaiacol phase is saturated with water after shaking 
with C It takes up more water when brought into contact with A because it 
IS altered by the entrance of aad from A 
For example, water and guaiacol are shaken together until equihbnum 
13 attained and the resultmg phases are called Bw and Co (Table IV) The 
vapor pressure of water, which is the same m both phases, will be called a 
We now lower the vapor pressure of water m C o from o to o {x ) , where x < 
1, by addmg trichloroacetic aad until the concentration of aad Is 2 04 m 
and call the resulting solution Coa We then shake Coa with (guaiacol 

tabi:e^ IV 

Gaai&col (B) was shaken with water (C) giving the non-aqueous phase and the 
aqueous phase Co To the latter trichloroacetic add Is added, changing It to Coa this 
was then shaken with Bm ^vmg and Coa Water passed from Coi to B, 
from a region where Its activity was rdatively low to one where its activity was hl^er 



a 

c 

*w 

Cc 

Cox 

a. 

c-cx 


Yohnne, aU 

U T 

10 * 

1 WJ 

1 lOJ 

U 5 

1 18 1 

1 1 


Utnity 

1 119 

0 WT 

, 1 

0 m 

1 158 

1 1 1*5 

1 048 

TckSlorocwUc 

fCrnrtn.M 

0 

0 

0 

0 

3 M 

1 It 

0 58 



0 

0 

0 

0 1 

25 5 

21 4 

5 10 


fCooea., K. 

0 ' 

SS4 ! 

2 97 ' 

54 5 

t) 

(90) 1 

151 Oi 


lunUswles 

0 ' 

199 

41 0 

558 

[5511 

(1«) 1 

iU9] 


/CnfWTi ,, K. 

9 10 ^ 

0 

• 45 

1 

0 185 

0 155 

7 19 1 

0 245 


lUUBnoks 

m ' 

0 

m I 

1 91 

1 91 

UD 1 

2 14 


Note Small discrepande* ocenr beemose the vahe* are In some cases obtained by analysis 
and h others by sytUhetii or by graphical estimathm from the sohiUUty curves. 


saturated with water) and call the resulting phases B', and C' oa the vapor 
pressure of water m each at equilibrium may be called y 

The vapor pressure of water in is a, which is greater than the vapor 
pressure of water in C oi which Is a (x) Hence we might expect water to 
move from B,, to Coa No doubt this happens at the start but it escapes 
detection because as aad moves from Coa to B^ it raises the vapor pressure 
of the water m Coi and lowers it m B^ When the vapor pressure of the 
water in Ca4 becomes higher than in B, water moves into B, until at equi 
Ubnura the vapor pressure of the water becomes the same m both phases 
calling this vapor pressure y we find that the \ apor pressure of the water 
decreases^ in the order a > y > a (x) Hence the net result is a move 

“Thecorrespondingconcentitttlonsof wtter In the aqueoui phase are S4J 510 and 
44 6 and the mole fraction* are 0 997 0 984, and 0 953 
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ment of water from Coa to where the vapor pressure and the activity 
of the water are higher than m Coa 

Let us now consider the results of other experiments which have yielded 
toe data of Figs 4-9 The partition coefficient of tnchloroacetic acid 
(Fig 5) IS of interest m that it passes through a maxunum In such ex- 



Fig 8 A solution of tnchloroacetic acid (^) is shaken mth anhydrous guaiacol (B), 
when equihbnum is attained we call the resulting phases A' and B' When is shaken 
with distilled water (C), acid, guaiacol, and water pass from B' mto C, changing C to C 
The graph shows odculated increase of the ratio, moles of water entering C — moles 
of aad entering C', as the concentration of aad in A' is mcreased The graph is calcu- 
lated from Fig 7, for the ratio B' — C = 10 and the observed points are shown as 
circles ( O) The observed pomts for the ratio B' — C = 100 are shown as squares ( □) 
See p 385 At the left of the minimum there is a difference between observation and 
calculation, due, m part at least, to the fact that the calculation is made on the basis of 
B' — C = 10 and the observations are for B' — C ~ 100 

Fig 9 The concentration of water m the guaiacol phase increases as that of aad 
mcreases (whde the concentration of aad in the aqueous phase is nsmg from zero to 1 3 
ir) The curve is derived by calculation from Fig 7 hence no eiqienmental pomts are 
shown (but it has been checked by prelimmary expenments) 

periments toe addition of sufficient acid causes the two phases to fuse into 
one If this happens to occur at the plait point we have the following 
situation toe successive additions of acid bring the two phases nearer and 
nearer together m composition until they become identical and all partition 
coeffiaents become unity The plait point (B) is shown” m Fig 7 When 

” Regarding the plait point, and the curved verucal line (conjugation curve) which 
enables us to find any conjugate phase when the phase in equihbnum with it is known. 
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the plait point is readied at 25®C A contains about 2 u tnchloroacetic aad 
the weight percentages are, water 55 3 per cent, guaiacol 17 2 per cent, and 
tnchloroacetic aad 27^ per cent 

It is evident that Fig 7 enables us to calculate the values in Figs 4, 5, 6, 
8, and 9 

Thitt may be illustrated by an ei^amplc In Fig 7 an aqueous phase m is joined by a 
tie line to a guomcol phase n The position of n m the figure shows that it has the 
following wogjit percentages water 29 5 per cent, guaiacol 37 7 per cent, trichloroacetic 
aad 32 8 per cent We now shake 72 4 gm of « (containing 2 1 4 gm v?ater) with 6 0 gm 
of dlstillKl water thereby increasing the per cent of water m the mixture produced by 
shaking so that the mixture Is nearer to that at the apex of the triangle which is marked 
HjO The mixture 15 on the tie line connecting m andn' so that on standing the mixture 
will separate mto two phases nt' and n The position of the aqueoiu phase m', in the 
figure shows that it has the following weight percentages water 76 7 per cent guaiacol 
4 9 per cent trichloroacetic aad 18 4 per cent. The total weight o( m' -i' n' is 72 4 -h 
6 0 - 78 4 gm, and n' contains 26 8 per cent water by wei^t 

We now set up the following equation 

0 767 # + 0,268(78 4 - i) - 27 4 

where I — the wei^t of m', whence x * 12 8 gm This is the wel^t of m' and since m 
contains 76 7 per cent by weight of water its water content is 9 83 gm Since 6 0 gm of 
water was used for shaking with n it is evident that this 6 0 gm of water has mcreased 
to 9,83 gm , an increase of 64 per cent 

Let UB now return to the diffusion eipcnments and consider the effect of 
substituting various substances 

When we substitute acetic or monochloroacetic aad for tnchloroacehc 
m Types I and II (p 365) we find little or no increase of water in C 

Results like those observed with tnchloroacetic aad, but much less 
striking, were obtained with non-electrolytes, eg, with acetone For 
example, m Type Ft (p 365) when A at the start contained 20 ml of 5 8 
II acetone, B 8 ml anhydrous guaiacol, and C 20 ml distilled water it was 
found after 24 hours that the increase m water in C was 2 1 0 1 per cent, 

all of which must have come from A The ratio, moles of water entering 
C + moles of acetone entenng C, was 0 6 

In Type HI (p 366) larger increases were obtained For example, after 
shaking A with B, A contamed 20 ml of 2 18 m acetone + 3 4 u guaiacol, 
B contained S ml guaiacol with 4 18 ai acetone and 3 8 h water, C contamed 

sec International Critical Tables New York, McGraw Hfll Book Co Inc., 1928, 
3,398 

The plait point rs the point at which fosion of the two phases occurs without 
changing the compotibon of cither at the plait point all partition coeffidenU become 
unity Fusion dsewhere than at the plait point involves changes in composition and 
the partition coefficients are not unit> 
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2 ml distilled water After 1 4 hours (stirred) the increase m C was 8 0 
±02 per cent The ratio, moles of water entermg C — moles of acetone 
entermg C, was 1 8 

When water is made to pass from A to C by shaking A with B, thus chang- 
mg B to B' and B' is then shaken with C (distilled water) increases of water 
in C may be obtained, amountmg to over 400 per cent Such an experiment 
showing a gain of 84 per cent of water m C is illustrated m Table V 

The mutual solubihties of water, acetone, and guaiacol are shown m 
Fig 10 

TABLE V 

A (acetone + water) was shaken with B (anhydrous guaiacol) giving A' and B' B' 
was then shaken with C (water) changing B' to B" and C to C Water passed from A 
where the activity of water was relatively low to C' where the activity of water was 
higher The gam m moles of water m C was 84 ± 1 8 per cent 



A 

B 

■■ 

B' 

C 

B" 

C 


Volume, ml 

34 0 

13 8 

3 7 

43 9 

5 96 


17 7 


Density, gm /ml 

0 907 

1 127 

0 969 

0 975 


0 985 

0 972 

Acetone 1 

1 

r Conen , M 

8 39 

0 

4 65 

6 11 

0 j 

6 02 

4 51 

[Millimoles 

285 

1 

0 

17 2 

268 


196 

80 

Water ] 

1 

f Conen , M 

1 

23 2 

0 

30 3 

' 15 9 


11 6 

34 4 

[Millimoles 

790 

0 

112 

700 


375 

608 

Guaiacol | 

f Conen , u 

0 

9 1 

1 09 

2 68 

0 

3 38 

0 723 

[Millimoles 

0 

125 

4 04 

117 8 

0 

110 

12 8 


Note The values for guaiacol m ^4 B', B", and C' were obtamed by analysis and 
the correspondmg values for water and acetone were then obtained from Fig 10 


When ethanol was substituted for acetone and ethylene chlonde for guai- 
acol substantial gams m water were found m C in Types II and HI (pp 365- 
366) 

In one case of T}^e II there were in A 20 ml of 6 5 M ethanol in water, 
in 5 8 ml of anhydrous ethylene chloride, and in C 2 ml of distilled water 
After 22 5 hours the increase m water in C was 5 0 ± 0 1 per cent, all of 
which came from A The ratio, moles of water entenng C - moles of eth- 
anol entering C, was 0 35 

Similarly in a case of Type III (p 366) after shaking A and B together A 
contamed 20 ml 9 1m ethanol in water, B 8 ml of 4 3 M ethanol plus 
2 5 m water, and C 2 ml distilled water After about 4 hours the increase 
in water m C was 23 5 ± 0 5 per cent The ratio, moles of water entenng 
C — moles of ethanol entermg C, was 0 51 
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It is well known that ethanol increases the solubihty of water in ethylene 
chlonde 



Fig 10 Shawl the mutual iclubUities of aqueous and guaiacol phases contalnmg 
acetone. The comporitions given m the diagram represent percentages. The 

plait point IS at F ^ Compare with Fig 7 


DISCUSSION 

As the concentration and mole fraction of water increase m the guaiacol 
phase the vapor pressure, and the activity, of water in the guaiacol phase 
decrease This is evident from Table VI and Fig 11 which show that as 
the mole fraction of water in the guaiacol phase mcreasea the mole fraction 
of water in the correspondmg aqueous phase decreases It is also evident 
from Fig 7 which shows that as the guaiacol phase takes up more water 

CJ InttnuiUonal Critical Tablo New York McGrtw Hih Book. Co , Inc,, 1928 
3, All 
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and aad and moves along the curve toward the plait pomt it comes mto 
equihbrium with aqueous phases containmg less and less water (t c further 
from the H 2 O apex of the tnangle) 

As the concentration and mole fraction of water m the aqueous phase fall 
off the vapor pressure of water in the aqueous phase falls off ® Hence the 
vapor pressure, and consequently the activity^® of water m the correspond- 
mg non-aqueous phase must also faU off because at equilibrium the vapor 
pressure of water must be the same m both phases 

A similar result is seen when we substitute acetone for trichloroacetic 
aad as is evident in comparmg Fig 10 with Fig 7 The corresponding 
figure^^ for ethanol, ethylene chlonde, and water shows that suxular relations 
obtam here 


TABLE VI 

Showing that as tnchloroacetic acid is added to the system the mole fraction of 
water m the guaiacol phase increases and the mole fraction of water in the conjugate 
aqueous phase decreases See Fig 1 1 


Mole fraction of water 


In aqueous phase 

In guaiacol phase 

0 996 

0 250 (no aacD 

0 984 

0 518 

0 977 

0 611 

0 966 

0 731 

0 964 

0 754 

0 950 

0 825 

0 939 

0 863 

0 909 

0 909 (plait pomt) 


As the addition of trichloroacetic acid to the water-guaiacol system causes 
the activity of water m the guaiacol phase to fall off we may say that it 
falls from Oy, to o,a, where v < 1 CaUmg the activity coefficient^® before 
the addition of acid/„ we have /„=<?«.- Cy,, where is the concentration 

At very low concentrations the activity of water m the aqueous phase is approxi- 
mately proportional to its vapor pressure At higher concentrations we merely assume 
that when the vapor pressure falls the activity also falls without being directly 
proportional 

Before the addition of acid the aqueous phase contams 0 185 m guaiacol and the 
guaiacol phase contains 2 87 m water Hence if we adopt the same standard state for 
both phases the activity coeffiaent of water m the guaiacol phase is much greater than 
umt^ and the same may be said of the activity coeffiaent of the guaiacol in the aqueous 

phase 
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of water in the guaiacol phase When enough aad is added to bring the 
system dose to the plait pomt the concentration of water m the guaiacol 
phase rises from 2 87 H (the value before aad is added) to 36 J it, an m- 
crease of 12 7 times Smce, as already noted, a, has fallen to <vc (where 
I < 1) we now have (calhng the present activity of water/,) f.' = o,x + 
12 7 c. 



Fro II 


A B 



Fio 11 Shows that u trichloroacetic add la added to the system the mole {raction 
of water Increases in the guaiacol phase and decreases m the aqueous phase In equBIb* 
rium with the guaiacol phase. Hence as the mole fraction of water Increases m the guai- 
acol phase the vapor pressure and the activity of water in the guaiacol phase decr e ase. 
See Table VI 

Fro 12 Hypothetical diagram to ahow molar concentrations of trichloroacetic aad 
and of water In an unstirred layer of B when a steady state of diffusion of add has been 
set up under the conditions of Fig 9 Concentrations and activities m jB are plotted as 
ordinates (which are on a smaller scale for water than for add) The activity of water 
m B falls off as the concentration of water mcreases (see p 375) 


This drastic reduction in the activity coefficient of -water indicates an at- 
traction*’ of the aad for the wa.tcr 

We may also infer an attraction*’ of the aad for guaiacol Fig 7 shows 
that as the aqueous phase takes up more guaiacol it comes mto equiUbnum 
•with guaiacol phases containing less and less guaiacol Presumably the 

*’ To what extent formation of definite compounds occurs must be left open 
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acti\uty of guaiacol m the guaiacol phase falls off as its mole fraction falls 
off, just as happens with water m the aqueous phase As the activity of 
guaiacol m the guaiacol phase falls off so does the activity of guaiacol m 
the conjugate aqueous phase m equffibnum with it On this basis the ac- 
tivity of guaiacol in the aqueous phase falls off as the concentration and 
mole fraction of guaiacol m crease m this phase WTien the concentration has 
mcreased from 0 185 m (the value before aad is added) to 1 65 m (the value 
at the plait pomt) — an mcrease of 8 92 tunes — the value of the actiwty 
coefficient of guaiacol in the aqueous phase has decreased to less than 
1 — 8 92 of what it was before aad was added 

It IS the abihty to attract both guaiacol and water which enables the acid 
to bnng about the fusion of the two phases when enough aad is added 

Somewhat similar results were obtamed when acetone was substituted 
for tnchloroacetic aad (Fig 10) The correspondmg diagram^^ for ethanol, 
ethylene chlonde, and water shows that similar relations obtain here A 
number of sj'stems follow this pattern as is evident from the diagrams m the 
International Critical Tables Hence we may conclude that a vanety 
of substances^® act like tnchloroacetic aad m attractmg water as well as 
less polar compounds 

The results of the shaking experiments may now be considered m relation 
to the diffusion experiments 

Let us commence with Tjqie I where a solution of tnchloroacetic acid in 
water, A, is placed m contact with guaiacol saturated with water, B The 
shaking experiments show that when these solutions are brought mto con- 
tact aad passes from A to F (Figs 4, 7, and 8) and as a result water moves 
from A to B 

Does this depend on the formation of hydrates? This question arose at 
the outset but it seemed doubtful that all of the movement of water could 
be explamed m this way This question was recently taken up bj^ Bent^ 
who presented endence of hydrate formation, but it should be noted that he 
worked with acetic acid which m our expenments produced httle or no 
mo^ ement of water from A to C (see p 379) 

To explain the entrance of water mto C as wholly due to definite hydrates 

IS These show that as the non-aqueous phase takes up more water it comes mto 
equihbnum with phases contaimng less and less water, just as m the guaiacol-water- 
tnchloroacetic aad sy stem Cf International Cntical Tables, New York, McGraw-HiU 

Book Co, Inc, 1928, 3, 398/ . ^ v, 

£ f , various organic aads, lower alcohols, acetone, phenols, amhnt hydrocnlonoe, 

and p\ ndme 

=0 Bent, H E , Science, 1938, 88, 526 
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would require the assumption that in the shaking eiqienments and m the 
diffusion experiments more than 25 molecules of water are combmed m 
some cases with 1 molecule of aad (Fig 8) 

Smce Fig 8 shows that the ratio, moles of water entering C + moles of 
aad entermg C, is not constant it would be necessary to assume that the 
degree of hydration is variable In that case we might expect the degree 
of hydration to fall off as the proportion of available water decreased, t c , 
as the concentration of aad maeased This is not what occurs as is evident 
from Fig 8 Although the curve falls at first it soon passes through a 
Tninimiim It then nses which differs from what might be expected if all 
the water entering C were water of hydration 

The curve, aa drawn was computed from the aolubihty data given m Fig 7 At low 
concentratKma It differa from the observed values shown aa squares. This is due, m 
part at least, to the fart that it is made on a different basis The reason U that more 
accurate predictlona can be made when the volume ratio of B' + C is taken as 10 but 
the observation is more accurate when this ratio Is taken as 1 00. 

It is evident that at lero concentration of aad no add can pass into C but lomc 
water can do ao amce the gualacol is aaturated with water and when aome of this guaiacol 
passes mto C some water muat accompany ft hence the ratio will be Infinite. Aa the 
concentration of acid mcreases the carve will pass throu^ a minimum as shown. 

The effect of trichloroacetic aad on the activity coeffiaent of water 
(p 382) in the guaiacol phase mdicatea an attraction between the aad and 
the water but does not necessarily imply the formation of d efini te hydrates 
A loose association between the water and the aad is all that need be m 
ferred 

Let us now consider the situation at the mterface m the diffusion expen 
ments Although there is always some agitation due to mechamcal stimng 
or to convection there u an unstirred layer on each side of each mterface 
(p 365) Let us consider such a layer m S adjacent to the AS interface 
when a steady state of diffusion of aad has been reached so that the con 
centrabongradientof aad m this layer is hnear, as shown m Fig 12 There 
wiU then be a concentration gradient of water if we have the conditions” of 
Fig 9 for m B there is a definite concentration of water correspondmg to 
each concentration of aad Although the concentration gradient of aad 
IS due to the flux of aad the concentration gradient of water need not be 

® At conccntrutions higher than tho« shown In Fig 10 complimbon* ensue as is 
evident from Fig 5 which shows that the partition coeffideut of tnchloroacetic aad passes 
through a manmum. Above this maximum the addition of trichloroacetic aad to the 
system causes trichlotoacetic add to move from the guaiacol phase to the aqueous phase. 
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due to fluY of water there might conceivabl}^ be a flux of water m the op- 
posite direction under certam conditions 

If, as alread}^ stated (p 382) the actmty of water in B falls off as its con- 
centration increases we may represent the activity of water m B by the 
broken line m Fig 12 

If the conditions of Fig 9 obtam at the B-C mterface^ water ma)'’ pass 
under suitable conditions from ^ to C if the concentration of aad falls 
off in this region of B, for this region will be left m a supersaturated state 
VTth respect to water and smce it is at the B-C mterface some of the excess 
water ma}" pass mto C 

Such a falhng off in the concentration of acid might occur if a portion of B 
were transported by convection or stirrmg from a region nearer A (a region 
ncher m acid) to the unstirred la}"er at the B-C mterface^ (p 365) Aad 
would then diffuse from B mto C and water would follow it if the actmfy of 
water m the unstirred layer of C were snffiaently lowered by the entrance 
of aad The process might resemble that discussed m connection with 
T}"pe m (p 372) 

The process would be favored by the fact that the aad diffusmg mto C 
would tend to remam at the bottom of C on account of its higher specific 
g^a^'lty (WTien C is analyzed at the end of the experiment the whole of 
it IS taken so that the concentration of acid at the B-C mterface is not 
known ) 

The stead}' state has been discussed because it is useful m danfjnng the 
situation although it does not occur m our experiments In these the con- 
centration of aad in the unstirred layer of A steadily falls (with a conse- 
quent nse in the actimty of the water) In the unstirred layer of C it 
steadilv nses (with a consequent fall m the actinty of the water) It 
might be suggested that this could contmue until the actinty of water m 
the latter becomes less than m the former so that water would move from 
A to C In that case analysis might stiU mdicate a lower actint} of water 
in A than m C smce the analysis takes no account of the concentration at 
the interface because it is made bi' remoimg the whole of A or of C as the 
case may be Thus on the basis of the analyses we should say that the 
water moves from a region of low to one of high actii ity 

But in order to bring about such a movement of water from A to C it 

- It ma^ be questioned whether the concentration of water in 5 wiU be aSected m 
exactly the same wa\ bj aad m flux and b 3 ’' aad at rest Fig 9 is based on measure 

ments with aad at rest 

=3 / c to the surface of the unstirred Ia> er which adjoins the mterface 
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would seem that the concentration of aad would have to become greater in 
the unstirred layer of C than m that of A 
Of course, if hydrates are formed water may enter C as water of hydration 
whenever aad enters C 

It 13 not possible to give a complete picture of the process of diffusion 
without knowmg the concentrabons and activities of the diffusing sub 
stances in all parts of the system The difficulties of obtainmg this are 
obvious 

The movement of water m the diffusion experiments recalls the so called 
“anomalous osmosis” observed with solid membranes But the latter 
phenomenon, m the opmion of many mvestigators,’* requires the diffusion 
of electrolvtes throu^ pores In that case the movement of water ob- 
served by us would seem to belong to a different category and a different 
name will therefore he convement As the water has the appearance of 
bang earned from a region of lower to one of higher activity by the diffusmg 
substance we suggest the term anaphoresis, from Ari (up) and (^lA/njiris (a 
bemg borne) 

Smee m some respects guaiacol acts like certam protoplasmic surfaces® 
it seems possible that similar phenomena may occur m hvmg cells If so 
these results have an obvious bearing on the movement of water m the 
organism and on methods of studymg permeabflity It becomes necessary 
to know to what extent a substance entering or leavmg the cell cames water 
with it m the manner here mdicated 

In comparmg the models with hvmg cells and tissues we should bear m 
tmnd that m the otgamsm there is both convection and mechamcal agitation 
(the latter may be due to active or passive motion mcluding protoplasmic 
streammg) 

In some cases the movement of substances m the organism (e g auxins) 
_ appears to present unexpected features The question may be raised 
whether these substances are earned along by some other substance as the 
water m our oqienmentB appears to be earned along by tnchloroacetic aad 
Certam puizlmg cases of water movement m the organism appear to 
present some analogy with these phenomena. One of the most stnLmg 
thmgs about the kidney is the fact that the water moves in a circular 
path, i e , most of the water passmg from the blood into glomerulus and 
tubules moves back agam mto the blood The analogy with Fig 1 would 
be closer if we substituted for the air m the model a membrane more per- 

•* C/ SSUner, K., KoUM Z , 19J3, 62, 31 

®C/ Ortuhout W J V, and Stanley, W M ,7 Gen Pkytioi 1931-32 16,667 
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Fig 13 We assume that the model shown m Fig 1 is modified by substituting for 
the air above the solutions a membrane more permeable to hquid water than to aad 
and to guaiacol this membrane is called 1 The guaiacol is called membrane 2 The 
water would then take a arcular path, passmg through both membranes and if the 
tnchloroacetic aad m A were renewed from time to time this would go on mdefinitel} 

In the kidney the water also takes a aroilar path Correspondmg to membrane 1 
in the kidnw is the wall or “membrane" between the blood and the glomerulus, cor- 
respondmg to membrane 2 is the wall or “membrane” between the tubules and the blood 

meable to liquid water than to add and to guaiacol Calling this membrane 
1 and the guaiacol membrane 2 we have the situation shown in Fig 13 
Correspondmg to membrane 1 m the kidne}'^ is the wall or “membrane” 
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between the blood on one side and glomerulus and tubule on the other 
corresponding to 2 is that between the tubule and the blood In both cases 
the water pursues a circular path, passing first through one membrane and 
then through the other 

There ate, of course, great differences between the kidnej and the model, 
e g the kidney does work and requires energy and the passage of water 
from the blood to the glomerulus is believed to depend largely on h> dro- 
static pressure But the kidney resembles the model in that the circular 
path of the water is n striking feature 

SDUUASY 

In vanous models designed to mutate hvmg cells the surface of the 
protoplasm is represented by guaiacol which acts m some respects hke cer 
tmn protoplasmic surfaces The behavior of water in these models pre 
sents mterestmg features and if these occur in vivo, as appears possible, 
they may help to explam some of the piirrJing aspects of water relafaons 
m the hvmg organism. 

When suffiaent tnchloroacetic aad is added to a two-phase system of 
water and guaiacol the two phases fuse mto one The effect of the aad is 
due to its attraction for water and for guaiacoL This is shown by the fol- 
lowmg facts 

Durmg the addition of the aad the mole fraction of water in the guaiacol 
phase mcreases but the activity of water m the guaiacol phase falls off The 
activity coeffiaent of water may fall to less than one twelfth the value it had 
before aad was added 

The behavior of guaiacol presents a sunflar picture Durmg the addition 
of aad the mole fraction of guaiacol m the aqueous phase mcreases but the 
activity of the guaiacol m the aqueous phase presumably decreases Its 
activity coeffiaent calculated on this basis may fall to about one ninth of 
the value it had before the aad was added 
Somewhat similar results are obtamed when acetone is substituted for 
trichloroacetic add or when ethanol is substituted for tnchloroacetic aad 
and ethylene chlonde for guaiacol 

As tnchloroacetic aad maeases the mutual solubihty of guaiacol and 
water we find that guaiacol saturated with water and having a high vapor 
pressure of water can take up water from an aqueous solution of tnchloro- 
acetic aad with a low vapor pressure of water aad passes from the aqueous 
to the guaiacol phase, thus raismg the vapor pressure of water m the 
aqueous phase and lowermg it m the guaiacol phase 
Diffusion experiments present some mterestmg features. When *^aque 
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oxis solutioiij A of trichloroacetic aad is separated bv a layer of guaiacol, B, 
from distilled water, C. under certain conditions water moves from A to C 
This depends on the fact that aad moves m the same direction and appears 
to carr\' water with it Similar but less strikmg results were obtained with 
acetone duStusmg through guaiacol and with ethanol diffusing through eth} 1- 
ene chloride 

These phenomena differ from “anomalous osmosis” through sohd mem- 
branes if It depends, as man}- suppose, on the diffusion of electroMes 
through pores We therefore suggest the term “anaphoresis” for the 
phenomena descnbed here 

Measurements of the mutual solubdities of water, guaiacol, and tn- 
clioroacetic aad and of water, guaiacol, and acetone are given and are 
discussed in relation to the diffusion espeiiments To give a complete 
picture of the process of diffusion we need to know the actimties and con- 
centrations m aU parts of the s}-stem The difficulties of achie\'mg this are 
obmous 

The solubiht}- relations are such that a concentration gradient of tn- 
chloroacetic aad in guaiacol produces a concentration gradient of water m 
the same direction, but the actimU' gradient of water is m the opposite 
direction 

Since in certain respects guaiacol acts bke some protoplasmic surfaces it 
seems possible that similar phenomena ma}- occur m hA-mg cells K so 
these results have an obaous bearmg on the movement of water m the 
organism and on methods of studying penneabiht}' It becomes necessary- 
to know to what extent a substance entenng or leaimg the cell appears to 
carr\- water with it in the manner here mdicated 

In certam of the diffusion expenments the water takes a orcular path, 
passmg out of the dilute solution at one pomt and back mto it (as vapor) 
at another This circular path recalls the situation m the kidney where the 
water continually passes out of the blood into the glomerulus and tubule 
and then back mto the blood from the tubule (where the solution is more 
concentrated). In both cases the orcular path of the water is an essential 

feature 
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introddction 

The profound effects which can be brought about in biological matenals 
when they are subjected to beams of lonuang radiation, and m particular 
to I rays, have long been well known Such phenomena form the extensive 
basis of work m x ray cancer therapy, and m the production of mutations 
by I rays It is an equally familiar fact that the total energy which need 
be absorbed from such a beam by the biological material m order to bnng 
about marked changes withm it may be extremely s m a l l Such considera- 
bona led Dessauer in 1922 and 1923 (1) to propound his "pomtheat” 
hypothesis, which assumed that the biological action of i rays was localised 
to very restneted, discrete points within the irradiated material, where the 
quantity of energy absorbed per unit volume would mdeed be high, although 
if mtegrated over the material as a whole it might be very low Dessauer 
thought entirely m terms of thermal agitation Later, as the concepts 
of ionisation under x ray bombardment became clearer, the idea of discrete 
energy absorption from the x ray beam was retamed, but the concept of a 
disconUnuous absorption of heat energy in the matenal was replaced by 
that of ionization consequent upon the shower of secondarj electrons 
released by the x ray beam Crowther (2), Condon and Terrjd (3), Hoi 
week and Lacassagne (4), Cune (5) Glocker (6), Wyckoff (7), Mayneord 
(8), and others have further developed this idea, espeaally m relation to 
the concept of the “sensitive volume” for vanous biological effects It was 
further demonstrated by Stadier (9), Wvekoff and Rivers (10), Haskins 
and Moore (11), and others that high voltage cathode rays are quahtabvely 
idcnbcal in their biological effects with x rays All of the considerable 
body of ciidence non accumulated mdicatcs clearh that the biological 
effects of X rays are due primarily, not to the radiabons themselves, but 

391 


392 


ELECTRON BOMBARDMENT OF BIOLOGICAL MATERIALS 


n 


to the shower of photo- and Compton recoil electrons to which they give 
rise, and to the ionization which these electrons produce 

For the mterpretation of the biological action of x-rays it is therefore of 
interest to mvestigate directly the effect of the corresponding electrons upon 
hving cells Such a procedure appears to have several advantages m the 
direct quantitative study of x-ray biological effects m general, and of x-ra)'' 
cancer therapy m particular The showers of electrons produced m tissue 
when irradiated with even a monochromatic x-ray beam, are far from homo- 
geneous either m velocity or distribution, due to scattenng and energy 
degradation suffered by the beam, to the combmed presence of photo- 
and recoil electrons, to the wide spread of energies dehvered to the recoil 
electron, and to the slowmg down of all the electrons There will, to be 
sure, be a maximum veloaty for each x-ray wavelength, but the veloaty 
distribution will be a very broad one With cathode rays, however, it is 
easily possible to produce beams of a high degree of homogeneily m both 
energy and distribution 

A careful mvestigation of the relative mortahty of unicellular organisms — 
and especially of carcmomatic tissue cells — under eqmvalent dosages of 
electron irradiation, as a function of electron velocity over a wide range of 
veloaties, might be ejqiected to provide mterestmg information as to the 
relative lethal efficiency of x-rays over a correspondmgly wide wavelength 
band A comparative study of differential kiUmg as between cancerous 
and non-cancerous tissue would be especially mterestmg Agam, studies 
of the variation of survival ratio for single cells imder bombardment by 
cathode rays with varymg rates of dehvery of identical dosages should 
yield very useful data m confirmmg or disprovmg the vahdity of the 
Bunsen-Roscoe reciproaty relationship for x-rays The method has the 
advantage that a cathode ray tube has more flexibihty for this purpose 
than semi-standard x-ray equipment Third, it is possible to so design a 
cathode ray tube that the electron beam shall penetrate the cells to any 
desired depth, thus acting as a sort of blunt-ended probe (because of the 
high release of energy at the end of the electron track) wherewith to deter- 
rmne the relative sensitivity to ionization of various parts of the living 
smgle cell Again, studies of the phenomenon of mutation under ionizing 
radiation, already observed very many times with x-rays and ivith high 
velocity cathode rays, can be investigated much more quantitatively by 
the use of low veloaty, low current electron beams And lastly, work of 
this sort can be made directly comparable with studies of the biological 
effects of proton beams and thar correspondmg neutrons 

These reasons have prompted the initiation of a research program which 
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has been partl> described elsewhere (12) It envisages a careful stud) of 
the biological effects of cathode ray irradiation by beams of electrons at 
energies ranging from 20 to 150,000 electron volts and current densities 
from 10"’-10“‘ amperes per square cm upon single cells, upon cancer tis- 
sues, and upon other biological materials which appear to be of particular 
interest 

When using cathode ravs of energies lower than about 20 000 electron 
volts, it is necessary that all work shall be done in high vacuum, of the 
order of 10^ mm of mercury , in order to provide adequate insulation and 
to prevent undue scattenng of the electron beam For this energy range, 
therefore it has been necessaiy to select biological objects which are capable 
of withstanding these low pressures For this purpose, spores of the asco 
m)cetc fungv Aspergillus niger and PeiuciWtttm sp have proven most 
suitable The present paper deals cnlircK with the effects of cathode ra\ 
beams of currents from 1 X 10"’ — 3 X 10“* amperes per square cm and 
energies from 4-15 electron kilovolts on such spores, inactivation of the 
spore being token os the end point 

PREVIOUS WORK 

A number of investigations of the biological effects of high voltage cathode 
rays have been made by vanous workers Thus Wyckoff (10) investigated 
their lethal effect upon bacteria Stadler (9) studied the mutation of vanous 
groins under the radiations from a Coohdge high voltage cathode ray tube 
and Haakms and Moore {\ \) studied the inhibition of grow'th in pollen grams 
and mold spores when bombarded from a similar source, operated at 
250 kvp 

Very much less work however has been attempted with low vclociU 
cathode ray beams, comparable in energ) with the electronic showers 
released by x rays In 1929 D A Wells at the University of Cmannatl 
(13) designed a tube to produce such beams and used them in prcluninarv 
studies of the effects of electron beams of high current dcnsit) and ven 
low voltage on the bacteria Staphylococcus aureus and Bacillus coh This 
work, unfortunatcl) was discontinued rather shortly after its inception 
No further work so far as is known to the authors, has been attempted 
m this field 


Source aud Character oj Cathode Ray Beam 

Tbe cathode ra\ tulx: designed and used for this ¥.ork has been more fulK desenbed 
dsewhere (12) It consists essenUally of an electron gun built of glass designed to 
produce the cathode beam connected to a niynng box of brass hich contains the equip- 
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ment for holding and manipulating the spores Ihe electron gun comprises a straieht 
are-wire tungsten filament mounted verticaUy, accelerating electrodes, and a pair of 
effecting plates, by which the mechamcaUy collimated cathode ray beam is bent at 90“ 
m an e ectrostatjc field, to eliminate any effect of radiant heat'upon the irrid.ated 
material After being bent through a 90° arc, the beam from the electron gun is further 
accelerated and a portion of it passed through a narrow sht (0 351 mm by 6 31 mm ) 
with Its long axis vertiral, into the raying box Steady d c voltage for this acceleration 
IS provided by means of a General Electric kenetron testing set and a capacitor Within 



hiG 1 Raying box with drum in position A electron gun, B, rotatable dnim, 
", specimen slides in clips, D, Faraday cage, E, raying box, F, pump connections 


he raying box is mounted a rotating drum, shafted vertically through a grease packed 
mcuum seal m the bottom of the box, and geared to a telechron motor, so that it is 
lossible to rotate it very uniformly This drum is so mounted relative to the sht system 
lonnecting the electron gun and the raying box that it rotates very close to it On 
he periphery of the drum are clipped twenty-three small slides, designed to hold the 
pores to be irradiated These slides measure 2 5 cm X 0 5 cm , are of brass, and have 
. heavy chromium-plated surface, highly polished 
A Faraday cage, connected to a d c amplifier for measurement of the electron cur- 
ent, IS mounted in the center of the drum, and opens onto the drum surface through a 
lit large enough to pass the entire beam entenng the raying chamber 


1 


1 


I 
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As the drum Is slowly revolved by the tdedbirra motor, each slide on its periphery, 
and finally the opening of the Fimday cage Is brought opposite the sht to the electron 
gun, 80 that, when a beam is produced a band of 0 631 cm width is scanned across the 
of each shde. Provision is made for disengaging the shaft of the drum from the 
telechron motor, so that the opening of the Faraday cage, or any slide can be brou^t 
opposite the iht system at will during a run A general view of the electron gun and the 
raying box, with cover removed and drum in position, Is shown m Fig 1 

This tube IS capable of providing cathode ray dosages from 6 X 10~* to 4 X 10~* cou 
lombs per square ctm, at energies of 4 to 20 electron kilovolts, with electron beams which 
arc highly homogeneous in both energy and dlstribation over the rayed area of the shde 

Malertals and Methods 

Mature qwres of a speaes of the ascomycete fungus Pentctllium were 
at first used In this work. It was found, howe\ er, that spores of the black 
mold Aspergtttus ntger were considerably more satisfactory because of 
the single, centrally located nucleus, of the uniform size, and, particularly 
important, that they are less adhesive and hable to clustenng All the 
work to be descnbed here, therefore, was done with ^res of Asper^llus 
mger taken from standardized cultures grown upon a potato maltose agar 
medium under standard conditions The spores used were all taken 
from cultures which had been aporulatmg for at least 3 weeks Frequent 
test counts were made to be certain that the percentage of germination in 
the controls remained consistently high 

The spores were ^read, m a sin^ layer, upon the chromium plated slides already 
descnbed. Before each irradiation these slides were carefully cleaned and sterihxed by 
tmmerrion In alcohol for at least 30 minutes. When the slides were dry the spores were 
spread on them with a soft camel s-hair btmh. The slides were then mounted m sterile 
clips and kept in sterfUxed Petri dishes until ready tor use. In this condition they could 
tafdy be transferred from place to pilace and kept for eome time before imdiatlon with 
no chance of contamination. 

Tmmrdiatdy before irradiation the spore bearing slides were transferred to the 
Irradiation drum, and the Utter was mounted in position m the raying box of the 
tube. The s ys t em was sealed, vacuum pumps wore started, and the tube was evao 
uated to a pressure oi the order of 10~* mm of mercury The time required 
for this procedure was of the order of 75 minutes. The actual Irradiation then took 
pUcc. Each slide was bombarded with a given dosage of electrons at an accurately 
known voltage according to a predetermined schedule. NonnaDy two or three slides 
were not Irradiated in each run and were used as controls After all slides had been 
Irradiated, a procedure which usually took about 20 minutes, the system was allowed to 
stand under vacuum for 40 to 45 minutes to permit the mercury pumps to cool Air 
was then admitted and the Irradiation drum removed. Care was taken to admit the 
HIT Into the vacuum chamber In such a manner as to prevent foreign bodies in the outside 
air from being swept mto the chamber and onto the slides To check the efficacy of the 
precautions taken against contamination at thb time blank slides were placed in the post 
tion of normally loaded ones and careful microscopic examination was maiU after a 
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repilar run, but no matenal has ever been found which had been swept in from the out- 
side nor were spores earned from slide to shde 

The total length of time that the spores were subjected to high vacuum was about 2 
hours and 20 minutes Extensive study of evacuated controls has indicated that spores 
of AspcrgtUiis mger of the age and type irradiated are capable of withstanding longer 
penods of vacuum than this without detectable effect 

After the drum was removed, the slides were placed again in the sterile chps, prepara- 
tory to transfernng the irradiated spores to agar culture, or the transfer was made 
directly The spores were transferred from the surface of the slide to that of an agar 
plate in a Petn dish by the sunple procedure of laying the slides on the agar surface, 
leaving them m position for a few seconds, and then removing them The spores then 
remamed Srmly fixed on the agar surface with very little derangement of their initial 
distnbution 

Potato-maltose-agar was used throughout the w'ork Each run required at least 
three Petn dishes A control group consisting of spores which had been subjected to 
treatment identical with the irradiated ones, except that they had been completely 
shielded from electrons, w'as always included in each dish As a further control, a 
sowing was made for each run of a group of spores which had not been subjected to 
vacuum 

Countmg of the spores began from 5 to 7 hours after the commencement of incubaPon, 
depending upon the end-point of effect being sought, and was completed in from 3 to 
4 hours 

Four distinct effects were found, of which only the last will be con- 
sidered m detail m this paper At very low voltages a distinct shortening 
of germination tune was observed, which is fully described elsewhere (15) 
At voltages from 11 to 15 kv , germination became very irregular and 
uneven at certain dosages and many spores swelled extensively without 
ever produemg germ tubes Cultures obtained from these spores have 
shown several mutations Such mutations have been described elsewhere 
(14) and additional ones will be further desenbed later Marked retarda- 
tion of growth with consequent stuntmg, was also found And finally, 
the effect most generally observed, and fully desenbed here, was that of 
complete inactivation of the cell Two criteria can be used for this end- 
point A cell mvanably swells before the production of a germ tube, 
and the end-pomt for “kilhng” may be taken either as the swelling of a 
cell without the production of a mycelium, or as failure of the cell to swell, 
so that it is altogether mert The form of the curves for both types of 
data has been found to be closely similar, but the abscissas will differ, 
smee in each culture a number of spores sweU but do not produce mycelia 
The former entenon has been used for the data presented herein 

In counting spores, the stage of the microscope was fixed so that the 
field of vision was near the edge of the irradiated band The stage was 
then moved so that the field of vision scanned a narrow strip across tbis 
irradiated band Spores were counted as hvmg if they had produced an> 
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Sign of a germ tube at the tune of countmg, otherwise as dead The 
number of spores counted for each shde ranged from 250 to 500 
As a precaution to eliminate any possibflity of preconceived notions 
concemmg the data, the worker counting a given shde was never informed 
until long after the count as to the conditions of irradiation of that shde 
Even the order of shdes dunng irradiation was often transposed, un- 
known to the worker who counted the spores from them, so that there 
was no possibihty of any antiapation of results The data were rearranged 
and calculated by the worker who had done the irradiation 
Survival ratios were computed for each group of spores cultured, and 
defined as the quotient of the percentage geimmabon of the sample from 
the irradiated group divided by that from the control cultured with it 
In order to mcrease the accuracy of the data and el imin ate the effect of 
minor changes m the biological material a waghted average survival ratio 
from IS to 20 shdes irradiated with the same energy and density of cathode 
rays was taken m the followmg manner 
let 


(Lr)k “ mini her living counted on the 6th elide 

(D )t ■“ number dead counted on jtth elide 

(I*)i -h (D )* - (T )i •• total number counted on the ith slide 

(fiO* “ number living counted on the control for the Mh shde 

(DJi - numba dead counted on the control for ith ehde 

(fije (O )i ”• (rji - total number counted on the control for the ith elide 

Then 



fractfou Hviug on the control for the ttb elide 


Then the unweighted average survival ratio will be 


Shdes on which a small total count had been made will have just as much 
effect m the average m this expression as shdes with a large total count 
An average which will take this fact mto account can be easily obtamed if 
the sue of the total count be used as weightmg factor The expression 
for the survival ratio then becomes 


CR^lvdeSwl ■■ 
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RESULTS 

The expression denved in the preceding section was used to determine 
the survival ratios of the spores for each point, several slides havmg been 
treated with the same dosage m each run The same schedule, moreover, 
was repeated seven or eight times over a penod of a week or more 
The dosage received by each spore sample was readily computed m the 
foUowmg fashion 
Let 

Z? ■= the dosage 

t «= the current througdi the sht system, in amperes 
D ° the rate of travel of the shde past the sht = 0 018 cm /sec 
// = the height of the sht 0 681 cm 
e = the charge on the electron, m coulombs 
A = the average cross-sectional area of a spore 

jE - the potential difference used to accelerate the electron beam, m volts 
^ •= the number of ergs m an electron-volt 

Then the dosage expressed as the current density m coulombs per square 
cm madent on the shde is = 88 X or the dosage expressed 

iA 

as the total number of electrons striking a smgle spore is = ^ = 

4 4 X 10*® X J Fmally, the dosage expressed as the energy m ergs de- 

liiA E 

hvered to each spore is Dt ~ — } — = 7 06 X t X -E 
^ vlie 

For each voltage the current was so chosen that the full range of survival 
ratios for the matenal was covered, this current range havmg been experi- 
mentally determmed The probable errors were computed for each point 
The results, for 3 88, 4 80, 5 80, 6 72, 7 60, 8 6, 11 5, and 14 4 kv are 
shown m Figs 2, 3, 4, and 5, the vertical bars mdicatmg the magmtude of 
the probable error 

It IS of great interest to consider whether the same total quantity of 
energy apphed to a given spore produces the same percentage inactivation 
regardless of the velocity of the electrons As a cntenon of this, the 
curve shown m Fig 6 has been constructed, m which the energy m ergs 
necessary to reduce the survival ratio to 50 per cent is plotted agamst 
voltage It will be seen that the curve shows a marked dip It is to be 
remembered, however, that this curve represents the incident rather than 
the absorbed energy The absorbed energ)^ because of the geometiy of 
the spore, complete penetration by the electrons, and other factors, may not 
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varj m the same fashion This pomt will be further eluadated m a 
theoretical interpretation of results soon to be published 
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In Fig 7 is shown a diagram representing the range of cathode ray 
velocities which has been investigated, and showmg the portion of that 
range within which each of four descnbed effects was observed These 
effects, as has been mentioned, have been or will be described elsewhere 





400 ELECTRON BOMBARDMENT OF 


BIOLOGICAL MATERIALS n 




SUMMARY I 

A study has been undertaken of the rate of inactivation of spores of the | 
ascomycete fungus AspergUhis ntger when bombarded in vacuum with ! 
homogeneous beams of cathode rays of energies from 4 to 15 electron Lv 
and current densities of 1 X 10-’' to 3 X 10'® amperes per square cm 
These velocities and densities are in the range of those of showers of secon- 
dar)'’ electrons produced in biological materials irradiated with moderately 
soft x-rays, and so may be made to serve as quantitative indicators of the 
mechanics of x-ray action Four quahtative effects are described 
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STUDIES ON CELL METABOLISM AND CELL DIVISION 

TIT OxyOEH CoNSTJMFnON AND CELL DIVISION QE Feehuzed Sea 
Urchin Eggs in the Presence or Respiratory Inhibitors 

Br G H. A. CLOWES amd M E. KRAHL 
{From the lelly Researth LaboratoneXt ifanne Blologtcai LahomUtryt Woods Bote) 

(Received for publication, October 28, 1939) 

Although it has long been recognised that cell division in fertilized sea 
urchin eggs cannot take place in the absence of oxygen (1, 2) or in the 
presence of sufficiently hi gh concentrations of respiratory inhibitors l i ke 
potassium cyanide (2, 3) or phenylurethane (4), with the exception of the 
case of oxygen lack dealt with by Amberson (5), no simultaneous measure- 
ments of rate of oxygen consumption and rate of cell division m the presence 
of respiratory inhibitors have previously been made 
The experiments reported m the present paper, which were performed 
m the course of an extensive study of the chemistry of cell division, were 
made to detenmne the rate of oxygen consumption of fertilized sea urchin 
eggs m those concentrations of respiratory inhibitors which just suffice to 
block cell division From such data, it was hoped that a decision might 
be made as to whether or not the adverse effects of a number of reagents on 
cell divisiou might be due to their effects on the oxygen consumption of the 
dividmg cells Such data were needed also as a basis for mterpretation of 
the effects of a number of respiratory stimulants on cell division m fer 
tilized Arhacta eggs which are to be presented m the next paper of this 
senes 

experimental methods 

Measurcmenti of oxygen consumption and cell division were made by the technique 
previously described ( 6 ), using a final egg concentiauon of 2 per cent by voluma The 
cipenmenti vrcrc conducted during the Bummers of 1934 to 1939 inclusive, at Woods 
Hole. 

The non-gaieous reagents were disxolved in sea water in a concentration sufficient 
to give the final concentrations shown In the tables and figures the solutions were then 
adjusted to the desired pH, which was that of sea water, 8 0, unless otherwise indicated 
The reagents were tipped mto the egg su^ieiision from the side anna at the times spea 
fied In later experiments (1937-1939), the final egg suspension in the flasks was made 
to contain 0 01 it giycylglydne as a buffer to hold the solution at pH 8 during the 
experiment 
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STUDIES ON CELL METABOLISM: AND CELL DIVISION 
TTT Oxygen CoNsmtpnoN add Cell Division as Feehlized Sea 

TTunrm EOGS IN THE PbESENCE OF KESPIEAIOEY INHIBIIOES 
Bt a H. A. CLOWES amd M E. KRAHL 
{From the LiUy Racarck Laboralorits, Ifanru Biological Laboraiory, Woods Hole) 
(Received for publication, October 28, 1939) 

Although it has long been recognized that cell division m fertilized sea 
urchin eggs cannot take place in the absence of oxygen (1, 2) or in the 
presence of suffiaently high concentiabons of respiratory inhibitors iike 
potassium cyanide (2, 3) or phenylurethane (4), with the exception of the 
case of oxygen lack dealt with by Amberson (S), no simultaneous measure- 
ments of rate of oxygen consumption and rate of cell division m the presence 
of respiratory inhibitors have previously been made 
The experiments reported m the present paper, which were performed 
m the course of an extensive study of the chemistry of cell division, were 
made to determine the rate of oxygen consumption of fertilized sea urchin 
eggs m those concentrations of re^iratory inhibitors which just suffice to 
block cell division From such data, it was hoped that a decision imght 
be made as to whether or not the adverse effects of a number of reagents on 
cell divisiou might be due to their effects on the oxygen consumption of the 
dividing cells Such data were needed also as a basis for interpretation of 
the effects of a number of respiratory stuniilants on cell division m fer- 
tilized Arbacui eggs which axe to be presented m the next paper of this 
senes 


EXPERIMENTAL METHODS 

Measurements of oxygen consumption and edi division were made by the technique 
previously described (6), using a final egg concentration of 2 per cent by volume. The 
experiments were conducted during the summers of 1934 to 1939 mdusive, at Woods 
Hole. 

The non-gaseous reagents were dissolved in sea water in a concentration suffident 
to give the final concentrabons shown m the tables and figures, the solutions were then 
adjusted to the desired pH which was that of sea water 8 0, imless otherwise indicated 
The reagents were tipped into the egg suspension from the side arms at the times sped 
fied In later experiments (1937-1939), the final egg suspension in the flssVs was made 
to contdn OBI si (^ycylglycme as a bufier to hold the solution at pH 8 durmg the 
experiment 
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The technique for use of low oxj^gen pressures and carbon monoxide mixtures was 
as follows Prenous to the beginmng of the experiment mixtures of gases were made up 
and stored m glass bottles over water, the percentages of oxygen bemg roughly adjusted 
As soon as the eggs were m the flasks and the flasks attached to the manometers, the 
manometers were attached to a pressure equalizing device which permitted the evacua- 
tion of each Warburg manometer and its flask with a Cenco pump without disturbmg 
the manometer flmd, this is essentially the procedure used m filhng Barcrof t manometers 
The pressure was reduced to the vapor pressure of water By means of a three-way 
stopcock the desired gas was then admitted and the flask was shaken hghtly This 
evacuation and refiUmg was done three times for each flask and gas mixture At the 
same time, another set of manometers and flasks was evacuated and refilled with the 
respective gas mixtures to be anal 3 ^zed for oxygen by the method of Warburg (7) All 
this evacuation and refiUmg required about 20 mmutes for a set of twelve manometers 
and flasks This meant that the first effective exposure of the eggs to each gas mixture 
took place at 20 to 30 mmutes after fertilization As soon as this procedure of filhng 
was completed, the vessels were put mto the water bath and eqmhbrated The solu- 
bihties of oxj'gen, mtrogen, and carbon monoxide in sea water are all very low and there- 
fore no significant change in the gas ratio occurred durmg equihbration 

The center cup m each flask contamed 0 2 cc 5n sodium hydroxide In some pre- 
hmmarj’- cj’^amde experiments this sodium hj'droxide was saturated with potassium 
cyanide This procedure is no doubt a valuable one when the cyamde for the physiologi- 
cal experiment is contamed m an acid medium However, for experiments m sea water 
at pH 8, saturation of the sodium hydroxide by the cyanide proved undesirable because a 
small amount of the cyamde distilled back mto the egg suspension, givmg a distortion 
of the effect of a given mitial concentration of cyamde The opposite effect, distillation 
of cj'amde from the egg suspension into the center cup, was found not to be significant 
for the present results This was dearly demonstrated by the fact that the effect of a 
fixed cyanide concentration (down to 10~®m) was constant with tune and showed no 
decrease as it would if the cyanide were gradually distilhng out of the egg suspension 

AU experiments were performed at 20°C 

EXPERIMENTAL RESULTS 

Loiv Oxygen Tension — Oxygen consumption and cell division were 
measured simultaneously with samples of eggs exposed to oxygen-mtrogen 
mixtures m which the oxygen content varied from 20 per cent down to 0 1 
per cent, m all cases the imtial exposure was made at 20-30 mmutes after 
fertilization CeU division was mhibited shghtly in 2 per cent oxygen^ 
more markedly in 1 5 and 1 0 per cent, completely and reversibly m 0 3-0 4 
per cent (Fig 1) Complete mhibition of cell division under these condi- 
tions occurred at an oxygen tension which reduced the rate of oxygen 
consumption to 32 per cent of the control value m air 50 per cent mhibi- 
tion of the rate of division was produced at a rate of oxygen consumption 
which was approximately 50 per cent of that m air This result confirms 
and extends the observation of Amberson (5) who found that cell division 
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m fertilized egga of Arlacia functulala was slowed when the oxygen con 
sumption was under 80 per cent of that in the control and completely 
blocked when the oxygen consumption was under 35 per cent of that m the 
control 

It has been found by Harvey (8), from observation of hvmg eggs, that 
complete anaerobiosis causes immediate and reversible cessation of develop- 
ment at all tmtoUc stages in the fertilized sea urchin egg Studies on 
fixed and stained eggs have confirmed this result (9) In addition, by a 
careful analysis* of the cytological data, it can be shown that when fer- 
tilized Arhacta eggs are exposed to a 1 per cent oxygen-99 per cent mtrogen 
mixture the greatest relative retardation of development occurs at the 
prophase stage, suggestiiig that this stage m mitosis may be somewhat 
more sensitive to oxygen lack than other nutohc stages 

Carbon Monoxide — Oxygen consumption and cell division were measured 
simultaneously m mixtures of oxygen and carbon monoxide m which the 
oxygen content vaned from 20 per cent down to 0 3 per cent With CO 
mixtures m the dark, cell division was approximately SO per cent inhibited 
at 2 6 per cent oxygen, completely and reversibly inhibited at 0 7 per cent 
oxygen, at which pomt the rate of oxygen consumption was 32 per cent 
of that m the control (Fig 1) The complete cell division block occurred 
at the same level of oxygen consumption as when simple oxygen lack was 
the division inhibitmg factor, hence carbon monoxide appears to have no 
effect on division other than that ansmg from its effect on oxygen con 
sumption This conclusion b supported by the behavior of the eggs 
treated with carbon monoxide under strong irradiation from a carbon arc 
lamp (Table I, A) 

In a sample of eggs kept m the dark for 220 mmutes m a mixture of 1 6 
per cent oxygen-98 4 per cent carbon monoxide the oxygen consumption 
was reduced to about SO per cent, and the division to about 20 per cent, of 
the control values 

In a parallel sample of eggs kept m the dark for the first 100 mmutes, and 
then illummated for the final 120 minutes, the oxygen consumption for the 
irradiated period was about 90 per cent of that m the control, the chvision 
during this irradbted penod was also approximately equal to that which 
would have t aken place m the absence of the carbon monoxide, ns shown 
by the following analysb At 100 minutes the sample of eggs m carbon 
monoxide in the dark would show approximately OJ chvimous per egg 
(* e , about SO per cent unchvided and about SO per cent m the two cell 

* These data wiH be presented In detail In another puhhcation by H. J Fry G H A 
Clowes, and M E. Kiahk 
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Stage) If the eggs began dividing again at this point when the hght was 
turned on, and developed thereafter at the nonnal rate, they would be 
expected to show approximately 3 divisions per egg at the end of the 



LOG (MOLAR COMCEWTRATIOM KCN X )(f) 

Fig 1 Oxygen consumption and cell division of fertilized eggs of Arbacta punchtlata 
m A, various partial pressures of O 2 in N 2 , B, various partial pressures of O 2 in CO (m 
dark) , C, various concentrations of KCN at pH 8 0 All reagents were added 30 min- 
utes after fertilization Temperature, 20°C In Figs 1-3 

O 2 consumed m treated eggs 
Oi consumed m control eggs 

Cell division m treated eggs 
Cell division m control eggs 

experiment They actually showed 2 27 divisions, about 80 per cent of the 
•mamnuTm possible under these conditions, so that exposure to hght almost 
completely reversed the division inhibition by carbon monoxide 
It has been shown by Warburg (10) that the effects of carbon monoxide 
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on the respiration of yeast can be interpreted by assuming that the carbon 
monoxide combines with an iron containing pigment of the cell, the extent 
of this combmation is approximately descnl^ by the equation 
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TABIi I 


Osystn Consumplion otwI CeU Division of FerUlistd Eg|* of pundulaia %n 

Oxygen Carbon Monoxide Atmospheres wUh and vUMotti lUuminahon 
from a Carbon Arc Lamp 


(A) In 1,6 pet cent Or-ft 4 per cent CO 


(B) In SJ pcs ccBt 0>>97 J per cent CO 
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1 2 

2 08 


• Tm) 15 minute periods for whidi the fliummabtm was like that for the succeeding 60 
minute period In each case were omitted because of the small but appreciable pressure 
change resulting from binding or Uberation of the CO by the eggs during these periods 


where n is the fraction of the respiration not inhibited, and fco and pOt 
are the carbon monoxide and oxygen partial pressures, and K ha. constant 
equal to about S for yeast provided with a plentiful supply of glucose as 
substrate. R iinnrt rfim (11) found this equation to hold, with K =■ 21, 
for the effects of carbon monoxide on the oxygen consumption of fertilized 
eggs of the European sea urchm, Paracenirotus Itmdus The carbon 
monoude data of Fig 1 conform satisfactorily to an equation of this type 
with jST = 64 for the fertilized eggs of Arbacia punclulata (Table II) 
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In 20 per cent oxygen-80 per cent carbon monoxide there was a shght 
stimulation of oxj^gen consumption, averagmg 20 per cent 
PotassiKvi Cyanide Oxygen consumption and cell division were meas- 
ured simultaneously m sampl4 of eggs exposed, at 20°C , to concentrations 
of KCN from IO-^m up to IO-^m m sea water at pH 8 Cell division was 
not inhibited m concentrations of HCN below 2 X 10 -®m, it was 50 per cent 
inhibited at 5 X 10~hi, and completely and reversibly inhibited at 1 6 X 
10~*M At the concentrations of cyanide which produced complete m- 
hibition of division at 20°C , the rate of oxygen consumption was 10c mm 
per hour per 10 c mm eggs, or 34 per cent of that in the control (Fig 1) 

TABLE n 


Values for K in the Equation — ^ K as Calculated from the Oxygen Consump- 

tion of Fertilized Eggs of Arbaaa puiictulaia in Various Mixtures of 
Oxygen and Carbon Monoxide Temperature, 20° C 


Oiygcn m carbon 
monoxide i 

1 

pea 

pat 

Kesiduftl oiystn 
consumption, n 

ft 

K 

percent 

5 

19 0 

per ceni ej cantraJ 

74 

1 

2 84 

54 

3 

32 3 

66 

1 94 

63 

3 

32 3 

69 

2 22 

72 

2 

49 0 

55 

1 22 

60 

2 

49 0 

55 

1 22 

60 


Mean, %'alue 64 


At 24°C the respective values were 0 8c mm per hour per 10 c mm eggs 
and 16 per cent 

The similarity in the behavior of the eggs with oxygen lack and with 
CO and KCN inhibition, with all of which the ox}^gen consumption at the 
point of division block is 30-40 per cent of that m the control, appears to 
mdicate that the pnnapal effect of KCN on cell division arises from its 
abihty to limit oxj^gen utilization by these cells and is not attnbutable to a 
reduemg effect as suggested by Voegthn (12) 

A further pomt of mterest m the data of Fig 1 is that, witiun the con- 
centration range m which the egg recovers fully on return to sea water, 
KCN exerts its maTimnm inhibitmg effect on oxygen consumption of 
fertilized Arbacm eggs at about 1.3 X lO-^^M, a smaller degree of mhibition 
bemg produced at higher concentrations (Fig 1C) The minimum residual 
respiration at 20°C was approximately 20 to 30 per cent of the control 
value, var>nng somewhat with the sample of eggs used Korr (13) also 
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observed that these eggs had an appreciable residual respiration in 2^ X 
10^ KCN The fact that the residual respiration observed by K.orr was 
somewhat larger than that here reported may possibly be attnbutable to 
his use of a cyamde concentration which was, as mdicated by the data of 
Fig 3 of the present paper, too large to give maximum respiratory inhibition 




LOaCMOLAE cacEHTCATiott xiqS) IOC (MciAE cmsKTBAnoM xio*; 

Fio 2 Fio 3 

Fro 2 Oxygen conBumptwa and cell division of lertfliied eggs of Arbaaa pmuJuiata 
in /t , vnnons concentrattonB of phenylurcthan® at pH 8 0 J?, vanoos concentration! of 
5-Isoamyl 5-cthyl barbltunc acid at pH The reagents were added 25 minutes after 
fertihiation Temperature 20“C, 

Fio 3 Oxygen consumption and ceE division of fcrtflixed eggs of Arbaaa pundulata 
in A vanous concentrations of 7 (2 methylpipendyi) pTop>’l btnioate at approximately 
pH 6 J, B, various concentiationa of iodoacetk aad at approximately pH 6 0 The 
reagents were added 25 minutes after fertilisation Temperature, 20®C 

A residual respiration equal to about 15 per cent of the control value was 
observed at 24'’C Barron and Hamburger (14) reported complete inhibi 
tion of oxygen consumption of fertilized Arhacia eggs in 10~* to 10“*ii 
cyanide at 24°C but did not state whether or not the eggs recovered from 
the treatment 

Anviheites Inhibiting CeU Dmnon — For comparison with the effects 
obtamed with low oxygen tension, carbon monoxide, and cyanide, several 
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series of comparable espenments were made with representative anes- 
thetic agents 

Of these, the most effective agent for mhibitmg cell division was phenyl- 
urethane This substance produced a SO per cent mhibition of cell division 
at about 3 X IO-'m, at which point the oxygen consumption was 130 per 
cent of the control value Complete and reversible inhibition of cell 
division occurred at about 1 X 10 “^m, at which point the oxygen consump- 
tion was 70 per cent of that m the control (Fig 2) 

A second anesthetic was 5-isoamyl-5-ethyl barbitunc aad, a substance 
used as a hj'pnotic for mammals This agent produced a 50 per cent 
inhibition of cell division at 1 8 X 10-®m, with the oxygen consumption 
at 75 per cent of the control value, and complete inhibition at about 2 5 X 
10"^M, with the oxygen consumption at 20 per cent of the control (Fig 2) 

A third anesthetic was y-(2-methyIpipendyl)-propyl benzoate, a sub- 
stance used as a local anesthetic for mammals This agent produced 50 
per cent inhibition of ceR division at 2 X 10 “^m and a maximum of 64 
per cent at 4 X 10 “*m, the concentration gixnng a saturated solution m sea 
water At these concentrations, the oxygen consumption was not m- 
hibited, the rates being 108 and 106 per cent of the control value, re- 
spectively (Fig 3) 

lodoacettc Acid — ^This inhibitor was used because of its potential effects 
on the early stages of the respiratory process It must be used m a rela- 
tively aad solution m order to msure its penetration mto fertilized sea 
urchm eggs It produced a 50 per cent inhibition of division at about 
1 7 X 10“^M and a 90 per cent inhibition at about 3 4 X 10~^ii At these 
concentrations the rates of oxygen consumption were 67 per cent and 54 
per cent of the control value, respectively (Fig 3) 

DISCUSSION 

The pnnapal pomt established b}-- these experiments is that when 
fertilized Arhacta eggs are exposed, 30 mmutes after fertilization at 20°C , 
to low ox 3 ’’gen tension, carbon monoxide, or potassium cyamde, the block 
to ceR dixnsion occurs at approxunately the same level of oxi^gen consump- 
tion, which IS 30 to 40 per cent of that m the control It has been found 
(15) that fertilized eggs of Arbacin punchdafa have a smaR or neghgible 
rate of glycolysis, both aerobic and anaerobic, so that these eggs depend 
almost exclusivel 3 ’’ on oi^gen consumption for the energy required to 
support division Taken m conjunction with the present expenments, 
this appears to mdicate that, at 20°C , the fraction of the o^gen consump- 
tion required to support mitotic processes is at most about 30 per cent 
of the total, it is probably much smaRer than this, as mdicated by the fact 
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that cell diviaion at 24°C was not completely blocked unbl the oxygen 
consumption was reduced to 16 per cent of the control value 
The second pomt established by the present experiments concerns the 
nature of the respiratory eniymes m fertilized sea urchin eggs The 
sensitivity of the cell division to carbon monoxide and cyanide appears, 
at first sight, to mdicate that mitotic processes m fertilized eggs of Arbacui 
putKtidata are dependent on the functiomng of a typical cytochrome 
cytochrome oxidase respiratory system such as that found m muscle or 
yeast cells On closer exammation of the data, this idea is not substan- 
tiated 

In the first place, repeated eiammabons of both fertilized and unfertflized 
eggs of Arhacta ptincltilala (treated with sodium hydrosulfite to reduce both 
echinochrome and cytochrome) have failed to reveal the presence of cyto- 
chrome absorption bands m the eggs, Arhacta sperm display a pronounced 
absorption band at about 600-605 mp corresponding to the band of cyto- 
chrome a. Although these experiments on eggs do not exclude the possi 
bfiity that cytochrome may be present m relatively small amounts, they 
Indicate that the cytochrome content of the eggs is very much smaller than 
that of other cells havmg a comparable rate of respiration sensitive to 
cyamde and carbon monoxide 

In the second place, the inhibition constant (equation 1, above) for the ef 
feet of carbon monoxide on oxygen consumption of fertilized eggs of Arha 
cut, which has a value of 64, is much larger than the corresponding constants 
for the cytochrome-cytochrome ondase systems of yeast and muscle (16) 
which have values from S to 10 Even if, reasonmg from the results for 
cyamde. It is assumed that 20 per cent of the egg respiration is insensitive 
to CO, the value of fC is 43 , for an egg respiration 30 per cent insensitive to 
CO, the value of S is 32 

In spite of these two facts which mihtate against the presence of a typical 
cytochrome-cytochrome oxidase system in the eggs, there are two further 
lines of evidence to mdicate that the cyamde and carbon monoxide sensitive 
system of the eggs contains iron 

1 Potassium dithio-oxalate (10“’u), diphenylthiocarbazone (lO”*!!), and 
isomtrosoacetophenone (2 X 10"’ii), three reagents which combme with 
copper, were completely meffeebve ns division inhibitors, mdicatmg that 
the adverse division effects of potassium cyanide are not attributable to 
cyanide-copper reactions 

2 Ball and Meyerhof (17) observed a strong hemochromogen absorption 
spectrum in fertilized eggs of Arhacta treated with pyndme, indicatmg the 
presence of a considerable amount of hemm iron 

Taken as a group, these experiments indicate that (a) One or more iron 
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containing respiratory catalysts are involved in oxygen uptake by Arhacza 
(ft) Little or none of the hemin iron of the egg is normally bound to 
those nitrogenous cellular components which would enable it to appear as 
cytochrome (c) Such he min iron as functions as a respiratory catalyst 
m the eggs is therefore probably bound to one or more cellular components, 
other than the protems of cytochrome, which raise the oxidation-reduction 
potential of the henun to a point where it can function as a respiratory 
catalyst, but do not yield a hemm compound with an absorption spectrum 
powerful enough to be detected m the eggs 

The third point estabhshed by the present experimental data is that the 
effects on cell division of a non-ionizable general anesthetic, phenylure- 
thane, as well as those of an lonizable local anesthetic which produced its 
intracellular effects on division as the cation, y-(2-methylpipendyI)- 
propyl benzoate, are not attnbutable to the effects of these agents on the 
overall respiration of the egg, smce division is completely blocked at con- 
centrations of the reagents which reduce the oxygen consumption to a level 
equal to or only shghtly below that of the control 

SDMMABY 

1 The effects of a number of respiratory inhibitmg agents on the cel^ 
division of fertilized eggs of Arbacta punckdata have been determined 
For eggs mitially exposed to the reagents at 30 mmutes after fertilization at 
20°C , the levels of oxygen consumption prevailmg m the minimum con- 
centrations of reagents which produced complete cleavage block were (as 
percentages of the control) In 0 4 per cent Or-99 6 per cent Nj, 32, m 
0 7 per cent Or-99 3 per cent CO, 32, m 1 6 X 10 -*m potassnun cyanide, 
34, m 1 X 10-®M phenylurethane, 70, m 4 X lO-^M 5-isoamyl-5-ethyl bar- 
bituric aad, 20, m 3 X 10-^M lodoacetic aad, 53 

2 The carbon monoxide inhibition of oxygen consumption and cell 
division was reversed by hght The percentage mhibition of oxygen con- 
sumption by carbon monoxide m the dark is descnbed by the usual mass 
action equation with K, the inhibition constant, equal to approximately 60, 
as compared to values of 5 to 10 for yeast and muscle In 20 per cent Or~ 
80 per cent CO m the dark there was a shght stimulation of oxygen con- 
sumption, averagmg 20 per cent 

3 Spectroscopic examination of fertilized and unfertilized Arbacta eggs 
reduced by hydrosulfite revealed no cytochrome bands The thickness 
and density of the egg suspension was su^ as to mdicate that, if cytochrome 
IS present at all, the amount m Arbacta eggs is extremely small as compared 
to that m other tissues havmg a comparable rate of oxygen consumption 
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4 Three reagents poisoning copper catalyses, potassium dithio-oxalate 
(10-*ii), diphenylthiocarbazone (ICHii), and isomtrosoacetophenone (2 X 
10"^) produced no inhibitaon of division of fertilized Arbacui eggs 

5 These results indicate that the respiratory processes required to sup- 
port division m the Arbacta egg may perhaps differ m ccrtam essential 
steps from the principal respiratory processes m yeast and muscle 
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STUDIES ON CELL METABOLISM AND CELL DIVISION 

IV Combined Action of Sttbstitihed Phenols, Cyanide, Caebon 

Monoxide, and Other Respieaiory Inhlbitoes on Respieation 
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(From the UUy Raearch LaboratorieSt Hannt Bxololical Laboroiory, Woods Bole) 
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In previous papers of this senes it has been shown that certain substi- 
tuted phenols produce a large stunulation of the oxygen consumption and a 
reversihle block to the cell division of marine eggs (1, 2) These results 
have been confirmed and extended to other eggs by Tyler and Horowitz 
(4), and Dawson (5) As yet there is no complete understanding of the 
mechanism of this respiratory stimulatfon and almost no knowledge of the 
manner m which the respiratory and division effects of the substituted 
phenols are related. 

The experiments reported m this paper were made to determine (o) 
the sensitivity of the substituted phenol stimulated respiration to vnnous 
types of respiratory mhlbitors, and (6) the possible r^tionship between 
the respiratory effects and the division inhibitmg effects of the substituted 
phenols 

The experiments were made with fertilized eggs of the sea urchm, Ar- 

baaa puncitdala 


experimental methods 

The measurenitnts of oiygcn coosumptloii were mule by the direct method of War 
burg (6) using the technique previously described (2, 7) 

The non gaseous reagents were dissolved in sea water m a concentration suffiacnt to 
give the final concentrations shown in the tables and figures, and then adjusted to the 
desired pH, which was that of sea water, 8 0, unless otherwise Indicated. 0 J cc. of 
each of the solutions was placed in the side arm of the Warburg vessel and tipped into 
the egg suspension at the tune mdicated. If two reagents were to be added at different 
times the first was added directly to the egg suspension before attaching the flsilcs to 
the manometers and the second substance was tipped in during the course of the 
experiments. 

The unfertiliied eggs of the sea urchin Arbatia pundulaio, were shed in the usual 
way washed twice with sea water, fertihied m a large volume of sea water, and allowed 
to settle. They were then adjusted to a volume which would give a final ^ concen 

U3 
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tration of appro\iinately 2 per cent In the lodoacetic acid experunents, at 5 mmutes 
after fertilization, the normal sea water was replaced with carbonate free sea water 
at pH 6 

In each case the egg suspension was transferred to the Warburg flasks by means of a 
volumetric pipette with a wide opening The volume and concentration of the egg 
suspension were adjusted to give a total volume of 5 5 cc of 2 per cent egg suspension 
m each flask 

At the end of each experiment, a sample of eggs from each flask was fixed m 0 2 
per cent formol, from these samples the extent of division was estimated and expressed 
as previously descnbed (2) 

AH experiments were run at 20°C 

EXPERIMENTAL RESULTS 

Low Oxygen Tension — The effects of a senes of concentrations of 4,6- 
dinitro-o-cresol on oxygen consumption and cell division of fertilized Ar- 
bacta eggs were determined at each of several partial pressures of oxygen m 
mtrogen (Fig 1) There are three pomts of mterest brought out by these 
results 

First, respiratory stimulation by 4,6-dimtro-i7-cresol decreased and finally 
disappeared as the oxygen tension was progressively lowered 
Second, the degree of inhibition of cell division by each concentration of 
4,6-cimitro-o-cresol mcreased as the oxygen tension was lowered This 
result supports the conclusion previously reached (2), that the division 
inhibition produced by the 4,6-dmitro-<7-cresol is not the result of over- 
stimulation of oxidation by this reagent 
Third, when the oxygen consumption, reduced by exposure of the eggs to 
2 per cent oxygen, was raised to the normal level m air by usmg 4,6- 
dimtro-o-cresol with the 2 per cent oxygen (Fig 1, IC), there was no cor- 
respondmg reversal of the inhibition of division assoaated with this low 
oxygen tension On the contrary, the combmation of 4,6-dimtro-o-cresol 
with low oxygen tension produced an additive inhibition of division 

Carbon Monoxide — The effects of a senes of concentrations of 4,6-dim- 
tro-o-cresol were detennmed at each of two partial pressures of oxygen m 
carbon monoxide (Fig 1) It is particularly mterestmg to note (a) that 
at 4,6-dmitro-o-cresol concentrations of 10‘^m, 2 X 10~®m, and 4 X 10"“M 
with 6 per cent oxygen-94 per cent carbon monoxide, the absolute rate of 
oxygen consumption was less than that m the presence of the carbon monox- 
ide control, and (6) that the percentage reduction of 4,6-dmitro-o-cresol 
stimulated respiration produced by mcludmg the carbon monoxide was only 
51 per cent m the presence of 3 2 X IQ-'m 4,6-dimtro-a-cresol and 66 per 
cent at 3 X 10~®M 4,6-dmitro-<7-cresoI (Table I), although the rates of 
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oxygen consumption were the same for the two concentrations of this 
reagent when the carbon monoxide was absent 



IDGCMMjffi OaiCEtrrSOTBH -DmiTROCEESOl X 10®) 

Fio 1 Effect of various concentrations of 4 6-dInltrt>-<M3e*ol on oxygen consumption 
and cdl division of fertilired Arbacui eggs L4 and IL4 m air* IB, m 3 per cent Or 
97 per cent Nj IC 2 per cent Or98 per cent N* ID, in 0 J per cent Or99^ per cent Ni, 
ILB in 6 per cent OrW per cent CO IIC in per cent Or9S 5 per cent CO 

In Figs^ 1-4 the horizontal lines marked control A , etc. arc the control levels of oxygen 
consumption, or division for the simflarly marked curves. UTierc a division curve 
correaponding to an oxidabon curve is not given, all deavage was stopped 

All reagents were added 20-30 minutes titer fertilisation. Temperature, 20*C. 

This result would be accounted for if, m greater than optimum concen 
trations of 4,6-dimtro-o-cresol, part of the oxygen consumption passed 
through carbon monoxide msenaitive respiratory catalysts, it would also be 
explained if high concentrations of substituted phenol produced a decrease 
m the affimty of the respiratory catalytic system for carbon monoxide 
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From the results vith Q^anide given below, this latter e^lanation appears 
to be the correct one 

In 1 5 per cent osj^gen-PS 5 per cent carbon monoxide, which reduced 
the o^gen consumption of the eggs to 36 per cent of the control value, the 
osj^gen consumption was not stimulated by any concentration of 4,6- 
dmitro-o-cresol up to 5 12 X 10 ~^m; 

TABLE I 

Percentage Pedudwn of 4 ,6-DimlTo-o-Cresol Shmulaiei Respiration by Respiratory 
Inhibitors at Various Leoels of Oxygen Consumption on the Rising (R) and 
Falling (F) Segments of the Stimulation Curve 





Percentile redaction of stunglated respiration in vanoas reagents 

Oxygen 

consump- 

tion 

1 

Concentration 

4 6-duiitro-o- 
cresol 

Sesment 
of curves 
nsed 

2 percent 
Oil 9S per 
cent Ni 

6 per cent 
0;. Wwr 
cent CO 

s xio-sii 
XCNat 
pH 7_5 

10-1 M 
Phenyl- 
nrethane 
at pH 

lO-ljI 
5-Isoainyl- 
5-etIiyl 
baibitnnc 
aad at 
pH7J 

101 H 

Halomc 
aad at 
pB7J 

CJna per ‘ 
10 cjrn 
etet 

ntola pa 

/ xio* 

! 







3 2 

0 


22 

1 

5 

59 

29 

5 

5 

5 0 

1 4 

R 

30 

1 

50 

78 

44 

20 

0 

83 

F 

38 

34 

52 

27 

0 

10 

6 0 

1 8 

R 

42 

60 

SO 

48 

8 

1 0 

51 

F 

1 38 

1 

45 

60 

1 30 

1 

' 7 

11 

7 0 

2 3 

R 

1 

1 49 

66 

83 

54 

10 

10 

32 

F 

44 

51 

68 

26 

13 

20 

8 0 

3 0 

R 

56 

70 

84 

60 

3 

18 

16 

F 

49 

61 

83 

33 

18 

21 

9 0 

3 9 

R 

60 

72 

86 

63 

10 

23 

6 8 

F 

53 

66 

86 

56 

16 

23 


As in the experiments with low ox)^gen tension, prevention of 4,6-di- 
nitro-o-cresol respirator}’’ stimulation by carbon monoxide produced no 
reversal of the 4,6-dmitro-o-cresol di\’ision block, on the contrary, the 
di\nsion inhibiting effects of the two treatments were additive 
As shown in a premous paper (7) the inhibition of oxygen consumption 
by carbon monoxide m fertilized eggs of Arbacta pundulaio. was almost 
completely reversed by hght Likewise, the carbon monoxide block to 
respiratory stimulation by 4,6-dimtro-^7-cresoI, and the additive effect of 
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the carbon mononde on cell division were in large part reversed by light 
of suffiaent intensity (Table H), the respiration and cell division being 
then approxunately the same as if the carbon monoxide were replaced 
by mtrogen Bodine and BoeD (8) have observed that the carbon mon 
oxide inhibition of respiratory stimulation by 2,4-dinltrophenol m grass- 
hopper embryos is reversed by Ught- 
PoUusium Cyanide — ^The effects of each of ten concentrations of 4,6- 
dinitro-o-cresol were detennmed at each of five concentrations of potassium 

TABIE n 

Osyien Conwmptum (CJWtrt Per Hour Per 10 CMm Egis) and Cdl Dmsum of FtrHltud 
Etis of Arhada punchdaia m 2J Per Cent Oxy gen-P7 Per Cent Carbon 
MoTWXxde mih and mitkout 4 X 10~*u 4,6 I>xmifO-<t-Cruol The Eggs 
Wert Pmt Exposed to Peagfnts 25 Minutes after FeriUixahon 
Temperoiurt 2(fC 




US-IU ulm. ^to 

SOU-ltt tolA. tflcx 
fertflbation 

IHtUooi 
M r ton 

ESS 

wm 


Oi 

lifht 

Oi 

N<me-contnjI 

OS 

2 7 

OS 

2 4 

05 

2 4 

4 77 

None-control 

OS 

2 5 

On 

2 3 

OS 

2 4 

4 62 

CO 

OS 

1 9 

OS 

1 6 

OS 

1 3 

1 41 

CO 

OS 

1 8 

On 

2 7 

OS 

1 2 

2 03 

4 6-Dbitm.«<R*ol 

OS 

6 2 

OS 

5 6 

OS 

5 2 

3 01 

4 6*Dinltru-»-acsol 

OS 

6 2 

On 

5 2 

OS 

5 3 

3 16 

CO aad 4 6-dfailtm«resol 

OS 

1 9 

OS 

1 7 

OS 

1 2 

0 03 

CO tod 4 6-diiii£ro-«-cresol 

OS 

2 2 

On 

4 0 

OS 

1 9 

0 95 


* All 8&mple3 were kept m the dark for the fint 50 minutes after fertilixatiom X)unng 
the 110-125 minute and 185-200 minute periods the condition of flhnninatjon for each 
period was the same as for the immedlatdy following period. 


cyanide fTable m) Both the absolute and relative reduction of rcspira 
tion produced by each concentration of cyamde depended on the concentra 
tion of 4,6-dimtro-(>-cresol simultaneously employed In concentrations 
of 4,6-dmlt^o-{^^a‘esol smaller than that producing the optimum respira 
tory stimulation without cyamde, the percentage reduebon by cyamde was 
mvanably greater than in a concentration of the substituted phenol larger 
than the respiratory optimum, even if the absolute rates of oxygen con 
sumption in the two reflective concentrations of 4,6-dmitro-(i-crcsol were 
the same in the absence of cyamde. For example (Table I), at pomts of 
equal oxygen consumption on the ascending and descending segments of the 
curve of respiratory stimulation by 4,6-Kimitro-o-cresol, at which the oxygen 
consumption was 7 0 cJnm per hour per 10 cjnin. eggs, 8 X 10^ KCN 
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produced an 83 per cent reduction on the nsing segment of the curve and 
only a 68 per cent reduction on the f allin g segment 

Similar experiments were performed with 2,4,5-tnchlorophenol as the 
stimulatuig agent As m the case of 4, 6-dmitro-i7-creso], the addition of 
cyanide, at pomts of equal oxygen consumption on the nsmg and'falhng 
segments of the curve, produced a greater reduction on the nsmg than on the 
descendmg segment 

The mcrease m the optimum stimulatmg concentration of 4,6-dmitro-o- 
cresol (Figs 1 and 2, Table HI) or 2,4,5-tnchlorophenol (Table IV) with 
mcreasmg concentrations of cyamde or carbon monoxide deserves comment 
At first sight, this appears to mdicate that the substituted phenols, m high 
concentrations, stimulate a cyamde insensitive form of respnation This, 
however, cannot be the case, smce the absolute level of residual oxygen 
consumption under maximum cyamde inhibition was nearly the same at 
concentrations of 4,6-dmitro-o-cresol (Table V) or of 2,4,5-tnchlorophenol 
, (Table VI) less than or greater than the concentration producing optimum 
stimulation m air The least unsatisfactory explanation of the data there- 
fore appears to be that, m the higher range of 4,6-dmitro-c>-cresoI concen- 
trations, the affimty of the respiratory system of the fertilized Arbacta egg 
for cyamde or carbon monoxide is less than that m lower concentrations of 
the substituted phenol This is apparently not due to competition of the 
substituted phenol and the cyamde for the iron component of the enzyme 
system because 4,6-dinitro-o-cresol has, m cell free sj^tems, no inhibitmg 
effect on the activity of the respiratory enzymes poisoned by cyamde 
The cyamde sensitive systems upon which the 4,6-dmitro-o-cresol, m 
concentrations up to 1000 times the physiological concentrations, had no 
effect are mdophenol oxidase, catalase, polyphenol oxidase, hemm, pyn- 
dme and mcotme hemochromogens, iron and copper as catalysts for cys- 
teme oxidation, and iron and copper as catalysts for ascorbic aad oxida- 
tion (9) 

Part of the division inhibition produced by 2 X IO-'m KCN was reversed 
by either 4,6-dimtro-o-cresol or 2,4,5-tnchlorophenol (Tables III and IV) 
The 1 X 4,6-dimtro-o-cresol, for example, raised the oxygen con- 

sumpUon from 2 1 to 2 7 (t e from 68 to 87 per cent of the untreated control) 
and the division from 2 56 to 3 25 (* e from 69 to 88 per cent of the un- 
treated control) Repetition of this type of expenment durmg the seasons 
of 1936 and 1939 has shown that the reversal of the cyamde division in- 
hibition by substituted phenols can be obtamed only when the division in 
the cyamde alone is about 65-75 per cent of that m the control and when 
suboptimum respiratory concentrations of the substituted phenol are used 


H E KRAHL AKD G H A CLOWES 


419 


TABLE m 

Oxygen Ceniiwnplum {CMm Per Hour Per lO CMm Eggs) and Cdl Dmstcn (Dimtms 
Per Egg tn 180 Mtnules) of Feritltud Eggs of Arbacsa pvndulaia tn Vanaus 
Cmbtned Concenlralhns of Poiasstum Cyantde and 4 ,6-IhnUro~o-Crcsol 
Belb ReagcTits Were Added 30 iftnula after Ferithzaium 
The pH Was 8J0 TemperaJure, 2CPC 



TABLE IV 


Oxygen Consumptum (C J/m Per Hour Per 10 CJIm Eggs) and Cell Dmsien {Dtnstons 
Per Egg trt ISO Mtnuies) of FeriUlsed Eggs of Arhacta punduiata tn Various 
Combined Coneenlrations of Potassium Cyantde and Z 4,5 Truhlorophenol 
Both Reagents Were Added 30 Minutes after FeriUttoium 
The pH TToj 7J Temperature, Z(fC 
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These two groups of expemnents, taken in conjunction with those on the 
joint effects of 4,6-dinitro-(7-cresol and carbon monoxide, appear to afford 

TABLE V 


Oxygen Consnmphon (C Mvt Per Hour Per 10 C Mm Eggs) of Ferithzed Eggs of Arbaeta 
punctulahi tn 4 ,6-I)iniiro-o-Crcsol uaith and without Various Concentrations 
of Potassium Cyanide The pH Was 8 0 Temperature, 20°C 


Concentratjon 4,6-duutTo-o-creiol 

Concentration ECN 

02 

moles per 1 X 10^ 

moles ter 1 X 10* 


0 

0 

3 2 

0 

32 

0 9 

0 

64 

0 9 

0 

128 

1 4 

2 

0 

4 1 

2 

32 

0 9 

2 

64 

0 9 

2 

128 

0 8 

128 

0 

6 1 

128 

[ 32 

1 4 

128 

64 

1 1 

128 

128 

0 8 


TABLE VI 


Oxygen Consumption (C Per Hour Per 10 CMm Eggs) of Fertilized Eggs of Arbacia 
punctiUala tn 2 ,4 ,5-Tnchlorophenol with and without Various ConcentrcAions 
of Potassium Cyanide The pH Was 8 0 Temperature, 20°C 


Concentration 

2 , 4 , S-trichlorophenol 

Concentration XCN 

02 

moles ter 1 X 10* 

moles per 1 X 10* 


0 

0 

3 4 

0 

32 

0 5 

0 

64 

0 5 

0 

128 

0 6 

10 

0 

6 3 

10 

32 

0 4 

10 

64 

0 3 

10 

128 

0 4 

50 

0 

3 0 

50 

32 

0 7 

50 

64 

0 7 

50 

128 

0 4 


an important clue to the systems mvolved m respuratoiy stunulation and 
division inhibition by the substituted phenols 
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In concentrations bdow the optumun, the respiratory increase produced 
by the substituted phenols is completely cyamde and carbon mononde 
sensitive. As the concentration of the substituted phenol is progressively 
increased beyond the optimum, these reagents themselves inhibit more 
and more of the cyamde and carbon monoxide sensitive respiration so that 
the percentage inhibition by cyamde or carbon mononde agam approaches 
that m eggs not treated -mth the subsbtuted phenol This result appears 
to be very significant for the mterpretation of the effects of the phenols on 
cell division It has been shown m previous papers (2, 3) that the minimum 
concentrations of substituted phenols required to inhibit division com 
pletely are mvanably the concentrations just larger than those which pro- 
duce optiminn respiratory stimulation Hence it appears that the sub- 
stituted phenols hegm to inhibit division m those concentrations which 
produce the initial inhibition of the cyamde sensitive oxidative systems 
This suggests that inhibition of cell division by the substituted phenols is 
to he associated not with over-ahmulation of oxidative processes but with 
the inhibition of a particular type of oxidative process, even though the total 
oxygen uptake of the eggs may be greatly m excess of the control value. 
This tentative conclusion is given further support by the fact that the divi- 
sion effects of greater than optmum concentrations of the substituted 
phenols are always additive and never antagonisbc to those of cyamde or 
carbon mononde 

Phenyluretkane, 5 Isoamyi-S Ethyl Barhiurtc Actd, and Malantc And — 
These three agents produce a marked inhibition of the activity of several 
dehydrogenases (11) but, m contrast to cyamde and carbon monoxide, 
have httle or no effect on the iron containing reqiuatory pigments (12) 

As pomted out by Warburg (13) and emphaaiied m a previous paper of 
this series (7), phenylurethane produced, at ICt^, a reversible block to the 
cell division of fertilized sea urchin eggs At this concentrabon, which 
reduced the oxygen consumpbon of the eggs untreated with subsbtuted 
phenol to 71 per cent of the control value, this reagent prevented maTiimim 
respiratory sbmulabon by 4,6-dimtro-o-cresol but was much less effective 
m this respect than cyamde or carbon mononde m concentrabons giving 
the same degree of mhibihon of respirabon m a series unbeated with sub 
stituted phenol (Fig 2 and Table I) The inhibition of division by phenyl- 
urethane was not antagonized by any concentrabon of 4,6-dimtro-o-cresol 

In a concentrabon of 10~^ which produced httle or no reducbon of 
respiration m a contool senes, S-isoamyl S-ethyl barbitunc aad produced 
a very shght reducbon of respiratory stimulation by concentrabons of 
4 , 6-dimtro-e-creaol less than that required for the respiratory optimum and 
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a much larger reduction of respu-atory stimulation by concentrations of 
4,6'dmitro-o-cresol greater than the respiratory optunum (Fig 3 and 
Table I) This is the reverse of the picture obtamed when cyamde or 
carbon monoxide were used as inhibitors At 2 X IQ-’m 5-isoaniyh5- 



LOG CMOLAE COWCTJITCAnoW DUIITKOCRESOL XJO^) 

Fig 2 Effect of various concentrations of 4, 6-dirutro-«7-cresol on oxygen consumption 
and cell division of Arbacia eggs L4, ivith no other reagent, IB, m KCN, IC, 

m 8 X l(Hii KCN, IL4, with no other reagent, UB, m 10-^ phenylurethane 
The reagents were added 30 minutes after fertilization Temperature, 20'’C 

ethyl barbituric aad, which reduced the respiration of the untreated eggs 
to 77 per cent of the control, all respiratory stunulation by 4,6-dinitro-o- 
cresol was prevented This agent is therefore more effiaent than cyanide 
as an mhibitor of respiratory stimulus by substituted phenols when com- 
parisons are made at concentrations of the two agents which produce equal 
effects on the respiration of eggs untreated with 4,6-dmitro-ci-cresol 
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The results ■witii malomc aad (Fig 3 and Table I) were comparable, both 
m kmd and degree, to those obtamed with S isoamyl 5-ethyl barbituric aad, 
which contains a substituted malomc aad as part of its structure At the 
concentrations used, neither 5-isoamyl 5-ethyl barbitunc aad nor malomc 



Fio 3 Effect of various coocentratlozis of 4 6-dinitro-o-cresol on oxygen consump- 
tion and cdl dlvUjoa of Arfwaa eggs L4andIL4 with no other reagent IB, in 10"^ 
5-lsoamyP5-ethyl barbituric aad IC, in 2 X l(Hu S-isoamyl S-etbyl barbituric aad 
ILB in 1 (Hm maJomc add 

The reagent* were added 20-30 minutes after fcrtUixation Temperature 20®C 

add had any marded effect on cell division, regardless of whether or not 
4,6-dimtro-o-cresol was present- GreviUc (14) has reported that malomc 
aad limits respiratory stimulation by 4,6-dmitro-o-cresol In rat hver 
lodoacdtc Actd— lodoacetic aad, when used at a pH sufiSaently low 
to allow its penetration into the eggs, produced an inhibition of respiration 
of sea urchm eggs as shown by Runnstrdm (IS) and confirmed in a previous 
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paper of this senes (7) It also produced a reduction of respiratory stimu- 
lation by 4,6-dimtro-e-cresoI which was comparable m degree to its effect 
on the respiration of eggs untreated with substituted phenol Its shght 
inhibitor}^ effect on cell dimsion was additive to that of the 4, 6-dinitro-o- 
cresol (Table ^TI) Bodme and Boell (8) have observed that lodoacetic 
aad limits respiratory^ stimulation by 2,4-dimtrophenol m orthopteran 
embryos 


TABLE 

Oxygen Consumption {CJJm Per Hour Per 10 CJIm Eggs) and Cell Division (Divisions 
per Egg in 175 Minutes) of Fertilized Eggs of Arbaaa piinctidala in S X 10-^ u 4,6- 
Dinitro-o-Crcsol icitli and vLithout Various Concentrations of lodoacetic Acid 
lodoacetic Aad IFa^ Added at 25 Minutes after Fertilization, the 
4 ,6-Dtnitro-o-Crcsol at 55 Minutes The pH Was 

Approximately 6 0 Temperature, 20° C 


Concentration 

4 C-dinitro-o-cresol 

Concentration 
lodoacetic aad 

03 

Dinsjon 

rff/er fer 1 % Itfi 

0 

molu pa 1 X to* 

0 

3 0 

1 88 

0 

2 1 

2 7 

2 20 

0 

4 2 

2 4 

2 05 

0 

8 4 

2 4 

1 82 

0 

16 8 

2 0 

1 1 05 

0 

33 6 

1 6 

0 12 

8 

0 

5 9 

0 56 

8 

2 1 

5 0 

0 35 

8 

4 2 

5 4 

0 30 

8 

8 4 

5 1 

0 31 

8 

16 8 

3 6 

0 18 

8 

33 6 

1 2 

0 08 


NonStwuilaivjg Phenoh — ^2,4-dmitrothymol and 4-mtrocar\^acrol differ 
from all other substituted phenols so far mvestigated m that they have been 
found to produce, m very small concentrations, a reversible inhibition of the 
cell di\nsion of fertilized Arbaaa eggs without produemg, m any concentra- 
tion, a stimulation of osy^gen consumption (2, 10) This appears to afford 
further emdence that the di%nsion inhibition by substituted phenols is 
assoaated with a depression and not a stimulation of respnatory processes 
Although 2 ,4-dimtro thymol and 4-mtrocarvacrol produced only a moderate 
reduction of normal respiration, the former, at 1 6 X produced a 

complete block of respiratory stimulation by 4,6-dmitro-o-cresol or by 
2,4,5-tnchlorophenol, the latter, at 4 X 10-«ir, likewise produced a com- 
plete block to respiratory stimulation by 4,6-dmitro-o-cresol (Fig 4) 
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Another substituted phenol, o-mtrophenol, produced no inhibition of 
cell division and no inhibition of oxygen a^nsumption This substance in 
concentrations up to 2 X 10 ~*m , a thousand times the effective con- 





UXitmAROCIICOmzA^^ SUBSTITIHXD PMEnOLXK^) 

Fio 4. Effect of various coocentmUotts of uon-edmulating pbenols on oxygen con 
sumption and division of fertilized Arbocia eggs mth and vritbout a fixed concen 
tration of a stimulating jfficnol L4, 2 4-dinitrothyTnol IB, 2 4-dinitrothyTnol and 
5 X 4 6'dlmtro-o-cresol (DNC) together IL4, 2 4-dmitrothyinol, ILB, 2 4- 

dinitrothymol and 7 X 10“St 2 4 S^tnchlorophenol (TCXJ) together IIL4, 4-mtrt>- 
carvacrol HLB 4-nitrocarvacrol and 4 X 10"hi 4 6-dinltro-D-crcsol together 
AH reagents irere added 20-30 minute* after fertilization Temperature, 20 C 


ccntration of 2, 4-dmitro thymol) produced only a barely detectable 
reduction of respiratory stimulation by 4,6-dmitro-o-cre3ol 
The division inhibiting effects of 2,4-dimtrothymol and 4-mtrocarvacrol 
were additive to those of 4,6-dimtro-o-cresol, o nitrophenol, which alone has 
no inhibiting effect on division, di^lnyed m conjunction with 4,6-dimtro-o- 
cresol a very slight mhibitmg effect comparable m degree with the very 
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smaU inhibiting effect which it had on 4,6-dinitro-o-cresol respiratory 
stimulation 

DISCUSSION AND SUMMARY^ 

The effects of 4,6-dinitro-o-cresol and 2,4,5-tnchlorophenol on the res- 
piration and cell division of fertilized eggs of Ardacza punckdata have been 
determined m the presence of each of a number of respiratory inhibitors 
The experimental results obtained appear to afford some understandmg of 
the mechanism of action of the substituted phenols on respiration and on 
cell division 

1 From the fact that the stimulated respnation is completely cyanide 
and carbon monoxide sensitive, it may be concluded that all of the extra 
oxygen uptake mduced m Arbacta eggs by 4 , 6~dmitro-ff-cresol passes 
through the metal contammg oxidase system All of the extra oxygen 
uptake also passes through oxidative steps which can be poisoned by non- 
stimulatmg phenols like 2 ,4-dimtrothymoI and 4-mtrocarvacroI, by phenyl- 
urethane, by 5-isoamyl-S-ethyl barbituric acid, by malomc acid, or by 
lodoacetic aad To abohsh all respiratory stimulation by suboptimum 
concentrations of 4,6-dimtro-e-cresoI, each of these inhibitors must be 
present m a concentration which reduces the normal respiration in the 
absence of substituted phenols by at least 20-40 per cent 

2 The degree of reduction of the stimulated respuration by a given con- 
centration of carbon monoxide or potassium cyanide depends on the con- 
centration of 4,6-dmitro-o-cresdl or 2,4,5-trichlorophenol, being most 
marked m suboptunum concentrations and least marked m greater than 
optimum concentrations of the substituted phenol In contrast to this 
result, the reduction of the stimulated respiration by a given concentration 
of 5-isoamyl-5'ethyl barbituric aad or malomc acid is least marked in 
suboptimum concentrations and most marked in greater than optimum 
concentrations of the substituted phenol 

3 The present experiments appear to mdicate that the inhibition of cell 
division by substituted phenols is not attributable to a direct action of 
these agents on mitotic processes nor to an overstimulation of any respir- 
atory process The inhibition of cell division appears to be assoaated with 
the inhibition, by the substituted phenols, of some component of the 
cyanide sensitive respiratory system This inhibition is of such a type as to 
allow the overall respiration to proceed at a rate in excess of the control 
value, even when division is completely suppressed The dependence of 
the division mechanism on a respiratory step which is relatively hypersensi- 
tive to poisonmg by the substituted phenols is comparable to the depend- 
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ence of the Pasteur reaction m certain normal and tumor tissues on an 
omdative step which is specifically poisoned by the substituted phenols (16) 
The substituted phenols have no inhibiUng effect »n vtiro on the prinapal 
metal contaimng respiratory catalysts or the prmapal dehydrogenases, 
they also do not inhibit the fermentative reactions mvolved m the anaerobic 
glycolysis of fertilized Arbacta eggs It is therefore suggested that the 
respiratory inhibitmg and division inhibiting effects of the substituted 
phenols may be attributable to the action of these substances on one or more 
of the oxidation reduction or phosphorylatmg steps which are mvolved m 
the transfer of hydrogen from the dehydrogenase systems to the speofically 
cyamde sensitive ondase mechanism of the eggs The identification of 
the respiratory step poisoned by the substituted phenol would constitute 
an mterestmg contribution to the chemistry of cell division and experiments 
to this end are now m progress 

The authors are mdebted to Dr John F Taylor and to Dr John 0 
Hutchens for their cooperation in the performance of certain of the ex- 
periments here reported 

BIBLIOGRAPHy 

1 Qowei, G H- A*, and Krthl, M. E , Satncet 1934, 80, 384. 

2 aoTO,G H. A., and KiaJil,M.E.,/ Gen. PAyheJ, 1936, JO, 145 

3 KiaU, M.E,, and Oowa, G H A.,/ Gen. PAyjwt, 1936,10, 173 

4 Tyler, A., and Horowitz N H., Proc NaUAcad 5e., 1937, 23, 369 

5 Dawion, A. B , / Esp Zod , 1938, 78, 101 

6 Dlion M , Manomctric methode Cambridge Gmvorelty Press, 1934 

7 Clowes, G H. A., and Krabl, M E , P Gen PhynoL, 1940 23, 401 

8 Bodine,A H. 8ndBoeIl,E J,J CeB aniOmp PAyWd , 1938, U, 41 

9 Krabl, M E , unpubllsbed experiments, 1935-1938 

10 Krabl M E , Kdtcb A. K., and Clowes, G H A Bwl BuB^ 1937, 73, 375 

11 Davies, D R., and Quaatel, J H. Bicckem J , London 1932, 26, 1672 

12 KeUrn D , Proc. Poy Soc, Londmt, Serits B, 1929 104, 206 

13 Warburg 0 , Z phynoL Chem , 1910, 66, 305 

14 GreviBe G D.,BuK*em J, London 1936 80,877 

15 RunnstrOm J , Bid BuU , 1935 68, 351 

16 Qowcs G H A. Kel t cfa, A. K., and Krabl, M E. Paper presented at Meeting 

of American Association for Cancer Reseani, April, 1939 




SOME CHEMICAL ASPECTS OF THE POTASSIUM EFFECT 

Bv W J V OSTERHOUT 

{From tht Lahoratorios of Tho Rook^eUtr Institute for lledtoal Research) 
(Received for publication, November 8, 1939) 

He ability to distinguish electncaDy between Na+ and K+ (potassium 
effect) appears to esist in NtleUa only so long as it contains a group of 
organic substances which has been called for convenience J?p ^ As this 
;s removed from the cell by treatment with distilled water the potassium 
effect falls off 

Earlier eipenments mdicate that the potassium effect depends on the 
mobihty rabo* «j; + Ur, and on the parbbon coefficient’ rabo 5 k + 5r, 
(5k is the rabo K+ plus (KX)'*'. etc., in the non aqueous protoplasmic 
surface layer + K+ m the external solubon) 

If both rabos depended on a smgle substance an mcrease m the potassium 
effect would mean an mcrease m both rabos But we find that these rabos 
can change in opposite direcbons Hence we infer that they depend on 
different substances contamed m Rp 

It is convenient to assume that two substances, Rtrc. and JJji, increase 
the mobility and partition coeffiaent respectively of K+ and that two 
others, Na+ It should be understood, 

however, that this assumption la made chiefly for purposes of discussion 
As will appear later, there is on obvious distmction between the substances 
affecting K*** and those affecting Na+, but to what extent differs from 
Rsx. or Rjrjjt differs from is less certauu 

ThQ fact that the ratio can change in the opposite direction 

from is shown by recent measurements on r^llq (Lot B*) 

S E , and Oaterherat, W J V , / Cm Fkynol , 1938-39, 32, 107 

* ttK»aadtfK Me really l^aen<l*K + here Tai* taken as unity 

* Regarding ctCv, see Osterhout, W J V / Gen Pkydoi , 1936-37, 20, 34, 

Kiaufl C h , Tr EUdrocMem Soc^ 1934, 88, 179 Fuoss, R, M , Chtm Rev 1936, 
17, 27 

* The ceDa, after being freed from nd^boring cella, stood in the laboratory at 15* ± 
I'^C In Solution A Osterhout, W J V and HDl, S E., J* Gen PkyHol , 1933-34 
17, 87) for 22 days. They bdouged to Lot B HiU S E., and Osterhout, W J V , 
Proc. Nat Acad 5c», 1938, S4, 312) tmleM othennse stated. 

The measurements were made on Ntf^ia JUxihs, Ag., uimg the technique described 
in former paper* (Hm, S E., and Osterfiout, W J V , 7 Gcru Pkynol 1937-38 31, 
541) Temperature about 26 C. 
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collected during the summer and early fall/ which yield the foUowmg 
values ° 

For the concentration effect/ 0 01 m foUowed^ by 0 001 m KCl, we find 
26 ± 2 5 mv (10 observations) From this we get® = 2 62 

For the concentration effect of NaCl, te 0 001 m followed by 0 01 m 
and m;e versa, we have 20 ± 0 8 mv (12 observations) From this we 
get = 2 05 

On substitutmg 0 01 m NaCl for 0 01 m KCl the change® of p d is 55 ± 
2 4 mv (12 observations) To account for this we assume that Ss. - 
= 100 

Cells collected durmg the wmter® give the following values - i^a = 
11 9 - 7 93 = 1 5 and 5 k - - 60 

In the summer cells we have — «Na = 2 62 - 2 05 = 1 28 and 
‘S'k ~ = 100 Hence m the summer cells the mobihty ratio has 

decreased from 1 5 to 1 28 and the partition coeffiaent ratio has mcreased 
from 60 to 100 as compared with the winter cells 

In experiments on winter cells we find that «k vanes independently of 
smce the ratio vanes Hence we infer that R^s. vanes 

mdependently of i^ima Also Rss. may vary mdependently of if^^a smce 
may nse while 5^ remams constant This is shown by the following 
measurements 

When winter cells of Lot are treated with distilled water, 7/^ de- 
creases^ from 85 to about 2 and remams unchanged at about 2 
Hence we may infer that is leached out while is little affected 
We find that — ^^a may fall to less than umty so that 0 01 m KCl becomes 

® Dunng this season, when growth is relatively rapid, the mobihty of K+ is frequently 
low, suggestmg a defiaency of Ruk, such as is brought about m wmter by leaching 
Rmk out of the cells by placing them m distilled water {cf Osterhout, W J V , / Gen 
Physiol , 1934-35, 18, 987) 

® The dilute solution is positive m the external circuit 

^ When 0 001 M IS followed by 0 01 m KCl, action currents may occur which make 
the change m pn unduly large (cf Hill, S E , and Osterhout, W J V , / Gen Physiol , 
1937-38, 21, 541) 

® For the method of calculation see Hill, S E , and Osterhout, W J V , Proc Not 
Acad Sc , 1938, 24, 312 It should be noted that as here used, uk = «K Fci and 
«Na = «N8 + Vcu Vci IS taken as unity in both cases 

® When 0 01 u NaCl is followed by 0 01 M KCl action currents may occur which 
make the change m P D unduly large 

Cf HiU, S E , and Osterhout, W J V , Proc Nat Acad Sc , 1938, 24, 312 See 

footnote 4 - - 

“ Osterhout, W J V , J Gen Physiol , 1929-30, 13, 715, 1934-35, 18, 993 
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positive to 0 01 u NaCl In winter cells of lot B, treated with distilled 
water, «j; + Hn, may fall“ from 11 9 + 7 P3 ■“ 1 S to 2 22 + 2 22 “ 1 
and from 60 to 0 12 Hence we may infer that Ru^. is leached 

out of the cell more than Ruv, and that leaching must affect J?se much 
more than 1° lower the ratio 5^ 5^, so greatly 

In wmter cells of lot B'” guaiacol” raises Rsn^ much more than Ujni« 
and smce it raises the moblhty and partition coefficient of Na+ but not of 
K.+ we may say that Rmti and R^^ mcrease but not Uuc and R^ “ 

It may be noted, m passmg, that the treatment with distilled water, 
which presumably brmgs about a loss of substances, never produces an 
effect which has to be mterpreted as a rise m moblhty or m partibon 
coeffiaent Hence we need not assume the presence of substances which 
depress the values. 

These results are not altogether stirpnsmg m view of eiqjerrments with 
models'* which show great differences m mobihties and partition coeffi 
aents m vanous non aqueous substances The differences m 5^ doubtless 
depend largely on the fact that the potassmm entermg the non aqueous 
protoplasmic surface layer may enter mto new combmations and thus 
change the partition coeffiaent which, as used here, is the ratio of K* m 
the external solution'* to any form of potassium which could affect the 
potential, e g K+, (KJO'*', etc 

Certain orgamc compounds of potassium are very soluble m non aqueous 
media" and if these are present m the non^iqueous protoplasmic surface 
they may give a high value to 5^ and this'* may be greater than for 
It 13 evident that and nught be changed by substances winch affect 
viscosity, solvation or the formation of (KJQ'*', (NaJ0+, etc. 

There is not much prospect of obtaining sufficient Ry for chemical 
analysis smce it b presumably present only m traces But certain expen 

“Osterbout, W J V , and HIU S E ProtuNai Acad Sc. 1938 24,427 

“0«terbout,W ] \ ,J Gat Pkystol 1939-40 23, 171 

“ ThU It also the case with tfs and m Balkydis (Osterbout W J V , / Gat 
Pkjnd , 1939-^ 23, 53) but In Fofcrjrfa, tin* Increases and decreases (Osterbout, 
W J V , / Gen Phynol., 1936-37 20, 13) 

Unpublished results. 

Stnctly spealang the partiUon coeflMent of a sln^e km has no physical meaning 
but it Is permissible to use it In description as In the present case. 

Hundeshagen, F J prakt Chan 1883 28nj.,219 

“ In guftlaai Is greater than 5 n» {cf Osterbout, W J V , Kamerllng S E , and 
Stanley, W hL, J Got Phynol , 1933-34, 17, 469) 
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CHEMICAL ASPECTS OE POTASSIUM EEFECT 


ments by S E Hill indicate that Rp or one of its essential constituents is 
soluble in petroleum ether 

Other experiments suggest that Rp or one of its essential constituents 
IS a potassium compound Certam cells which have lost the potassium 
effect by leachmg m distilled water soon regam the potassium effect when 
placed in contact with KCl ^ The delay might be due to the time required*® 
for the combmation of potassium with an orgamc compound m the proto- 
plasm to produce the potassium effect If this orgamc compound has been 
leached out of the cell by the distilled water the combmation cannot occur 
and the apphcation of potassium cannot restore the potassium effect this 
seems to happen m most cases Regardmg this orgamc compoimd not much 
can be said but it appears to be present m blood which can restore the 
potassium effect in a few seconds ** 

It may be added that Ntidla contams another substance (or group of 
substances) called for convemence Rj^ which enables the cell to give action 
currents when stimulated electncally * 

SUMMARY 

The abihty of Nttella to distmgmsh electncally between Na+ and K+ 
(potassium effect) appears to depend on several orgamc substances (or 
groups of substances) Of these Ra^ and Rss. determme the mobihty 
and partition coef&aent (5) respectively of K+ while and i? 5 Na do 
the same for Na"^ 

These substances can vary mdependently and this variation is susceptible 
to experimental control 

Experiments m this laboratory by S E Hill show that the water in which NUdla 
has been standmg contams substances which are taken up by petroleum ether when 
shaken with the water The petroleum ether is evaporated and the residue dissolved 
m water "When this is apphed to a cell which has lost its potassium effect astheresult 
of leachmg m distilled water {cf Osterhout, W J V , and Hill, S E , / Gen Fhystol , 
1933-34, 17, 105) the potassium effect is promptly restored 

It seems possible that tbs reaction is catalyzed by ammonia or its compounds, 
or they may enter mto the formation of the orgamc substance, ^ Osterhout, W J 
V,J Gen Physiol , 1934-35, 18, 987 

** Osterhout, W J V , T Gen Physiol , 1935—36, 19, 423 



STUDIES ON PirUTTARy LACTOGENIC HORMONE* 

I Electrophoretic Behavior 
By CHOH HAO LI, WHXIAM R. LYONS, Aim HERBERT M. EVANS 
{From the IndUuU of ExpmmerUal Bn^ogy^ Vntvemiy of Ccliforma, BcrieUy) 

(Received for publication, November IS, 1939) 
rNTEODUenON 

The unportance of the technique of electrophoresis to protein chemistry 
has rapidly grown amcc TUehua (1) described the method m 1937 Pro- 
teins, such as ovamucoid (2) and prolan (3), which are not crystalline sub- 
stances, have been shown to be highly purified and homogeneous m the 
TiseUus apparatus On the other hand, the fact that many samples of 
crystalhnc pepsin are not homogeneous has been confirmed by electro- 
phoresis measurements (4) In our studies, the Tisehus techiucjue has 
been used to determine the homogeneity of preparations of pituitary lacto- 
gemc^ honnone, and to determine the isoclectnc point of the hormone, which 
has not heretofore been obtamed with suffiaent accuracy by the electro- 
phoretic method 


EXFERDIENTAL 

Lcdcgentc Bormone Preparoivyns 

Tbc lactogenic hormone L 269 wta prepared In essentially the same manner aa 
previously published (5 6) The final product was preapitaled out of an aqueous aolu 
lion made sbghtly alLalme with NaOH, by adding HD until the pH approximated 5 J 
An acetone-dried powder was made from this preapitate Preceding an electrophoreiis 
cipenment, the powder was dissolved in water made slightly and or aHalme, and 
dialyxed against the desired buffer ndxture. By direct comparison with a standard 
prolactin powder LP 1 (10 units per mg) supplied by Dra Riddle end Bate* to the League 
of Nations and kindly sent to us by Dr A. S I^rkcs L 269 was found to have approxi 
mateJy 20 Riddle-Bates units per mg L 269 also caused lactation In normal, virgin, 
post-e*tru8 guinea pigs m a total dose of 4 mg. or less. 

* Aided by grants from the Board of Researdi of the University of Cahionua, from 
The Rockefeller Foundation from Parke, Davfa and Company, and from the National 
Research Council Committee on Researdi in Endocrinology Assistance was rendered 
by the Works Progress Administration, Project No OP 665-08-3-30, Umt A 5 

^ The term “lactogenic* Is employed for convcmence for the crop ^and stimulating 
hormone. 
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Apparatus 

AH parts of the Helhge apparatus employed by us are the same as that described by 
Tisehus (1) A diagram mdicating the arrangement of the apparatus is shown in Fig 1 
The principle of the schheren method for observations of the boundaries and the con- 
struction of the electrophoresis cell have been descnbed recently by Macinnes (7) The 
unage of the sht S, illuminated by the lamp L condenser C, is projected mto the schheren 
diaphragm D by the Dallmeyer objective P which is placed as near to the electrophoresis 
cell £ as possible The camera lens 0 is focused on the cell and forms a 7/10 size image 
on a frosted glass plate or photographic plate (Eastman Kodak, orthochromatic, 4 5 X 
6 cm ) The electrophoresis cell and electrode vessels are in a thermostat which is kept 
at 3 0 ± 0 2°C by Lmde coohng aggregate type “multifrigor’’ with automatic coolmg 
device The water m the thermostat is circulated by means of a i h P centnfugal pump 
instead of a mechamcal stirrer which generally produces some vibrations in the system 
An electrical umt, consisting of a center-tapped 3000 volts transformer with two rectify- 
ing tubes, is used for the current supply The voltage thus obtamed has small fluctua- 
tions and the current is practically constant throughout the experiment 



SCALE IN INCHES 
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Fig 1 Arrangement of the electrophoresis apparatus L, H4 type mercury vapor 
lamp operated with a special transformer, C, projection condenser, S, horizontal slit, 
F, Wratten filter No 77, F, Dallmeyer objective of/about 60 cm with 15 cm diameter, 
E, electrophoresis cell, and D, schheren diaphragm, 0, camera objective (1 7 7 / =• 
45 cm ) , G, frosted glass plate with millimeter scale or photographic plate 

Measurements 

For homogeneity studies, 0 5 to 1 0 per cent lactogenic hormone solutions were used 
Before puttmg the protem solutions into the electrophoresis cell, the solutions were 
dialyzed against the buffers for at least 24 hours until there was no difference m the pH 
and conductance between the dialysate and the buffer This is particularly important 
because boundary anomahes (8) arise from the differences m specific conductance and 
hydrogen ion concentration between the protem and buffer solutions The homogeneity 
of the protem m the course of the electrophoresis was observed carefully by the image 
in the frosted glass plate by adjustmg the movable schheren diaphragm, and recorded 
photographically at intervals 

The usual Wheatstone bridge type of arcuit and a Washburn conductivity cell were 
employed in measurmg the specific conductance of the solution at the same temperature 
as that at which the electrophoretic experiments were performed A Leeds and North- 
rup type S P 929 bridge was used, the resistance of the solution being balanced against 
that of a L and N 99,990-ohm, 4-dial resistance box by means of an L and N type (c) 
A C galvanometer, the deflections being observed through a wide angle lens 110-volt, 
60-cycle A C was used to activate the coils of the galvanometer and 6-volt, 60 cycle 
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A-C was used m the bndge cirant The h>drogcn ion concentrations of the protein 
and buffer solutions were detcnnined with the glass electrode 

For mobnit> determinations two well fitted rubber stoppers were used to reduce the 
free solution area m the electrode tubes so that no h>dro5Uitic displacement occurred 
In the U tube. The movement of the boundanes during electrophoresis was followed 
bv recording the position of the sharp line in the frosted ^ss plate at intervals The 
average displacement of the boundar> per second was multiphcd with the reduction 
factor (1 43) m order to give the apparent speed of the boundary 

The buffer solutions of lomc strength 0 055 used in all experiments ivere prepared h\ 
sodium acetate-acetic aad and potassium dih\drogen phosphate-sodium monoh>drogen 
phosphate mixtures. 

Mobtltly Calcidaiton 

The mobility (if) is generall> calculated by a simple equation u = 5/r, 
where S is the apparent speed of the boundary as defined above and F, the 
potential gradient (9), which is determined bv the current* j ampere, cross 
section of the electrophoresis cell ^ sq cm , and the speafic conductance 
of the solution X F =» i/qK The crosa-section of the electrophoresis cell 
was determined from the calibration with mercury and found to be 0 810 
&q cm The mobility thus obtained has the dimension centimeter per 
second per volt per centimeter of the order of magnitude 10~‘ 

RESULTS AND DISCUSSION 

The protein concentrations* used for homogeneity study were 0-5 and 1 0 
per cent solutions The schlieren photographs, taken at 15 minute intervals 
of a typical experiment with 0 5 per cent solution are shown m Fig 2 
They showed one and only one sharp boundary throughout the electro- 
phoresis expenraents Since Tisehus (10) has shown that 0 02 per cent 
protein solution can be detected by electrophoresis, the single boundary 
shown by our lactogenic preparation mdicates that in all probabihtv no 
contarmnant exists in greater amount than 0 02 per cent It might also 
be argued that possible contammants had nearly the same mobility os the 
mam component so that resolution into twD bands is not permitted 

These lactogeme hormone solutions were then diluted to 0 2 to 0 3 per 
cent for mobility studies The potential gradients were kept practically 
constant in all expenments (ca 9 volts/cm ) The results were recorded 

* The current is measured by a miUiracter which is calibrated against Leeds and 
Northrup 7560 portable potentiometer standardixing set 

* The protein concentration was determined after dialysi*. It ^-as obtained bv multi 
pl\Tng the nitrogen content which was determined bj micro-Kjeldahl anaU-sis, wth 
the factor 6.33 assuming the lactogenic hormone contains 15 R per cent nitrogen 
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LACTOGENIC HORMONE 



Apparatus 

AH parts of the Heihge apparatus employed by us are the same as that described by 
Tisehus (1) A diagram mdicating the arrangement of the apparatus is shown m Fig 1 
The pnnaple of the schheren method for observations of the boundanes and the con- 
struction of the electrophoresis cell have been descnbed recently by Macinnes (7) The 
image of the sht S, iHummated by the lamp L condenser C, is projected mto the schheren 
diaphragm D by the Dallmeyer objective P which is placed as near to the electrophoresis 
cell £ as possible The camera lens O is focused on the cell and forms a 7/10 size image 
on a frosted glass plate or photographic plate (Eastman Kodak, orthochromatic, 4 5 X 
6 an ) The electrophoresis cell and electrode vessels are m a thermostat which is kept 
at 3 0 ± 0 2°C by Lmde cooling aggregate type “multifngor” with automatic coohng 
device The water in the thermostat is arculated by means of a J h p centrifugal pump 
instead of a mechanical stirrer which generally produces some vibrations m the system 
An electncal imit, consisting of a center-tapped 3000 volts transformer with two rectify- 
ing tubes, IS used for the current supply The voltage thus obtamed has small fluctua- 
tions and the current is practically constant throughout the experiment 
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Fig 1 Arrangement of the electrophoresis apparatus L, H4 type mercury vapor 
lamp operated with a speaal transformer, C, projection condenser, S, horizontal slit, 
F, Wratten filter No 77, P, Dallmej'^er objective of / about 60 cm with 15 cm diameter, 
E, electrophoresis cell, and D, schheren diaphragm, 0, camera objective (1 7 7/ = 
4:5 cm), G, frosted glass plate with millimeter scale or photographic plate 

Measurements 

For homogeneity studies, 0 5 to 1 0 per cent lactogenic hormone solutions were used 
Before puttmg the protem solutions into the electrophoresis cell, the solutions were 
dialj zed against the buffers for at least 24 hours until there was no difference m the pH 
and conductance between the dialysate and the buffer This is particularly important 
because boundarj" anomahes (8) arise from the differences in specific conductance and 
hydrogen ion concentration between the protein and buffer solutions The homogeneity 
of the protem in the course of the electrophoresis was observed carefully by the image 
in the frosted glass plate by adjustmg the mo\’able schheren diaphragm, and recorded 
photographicallv at mterv'als 

The usual WTieatstone bridge tjiie of circuit and a Washburn conductivity cell were 
emploj ed in measurmg the specific conductance of the solution at the same temperature 
as that at which the electrophoreUc experiments were performed A Leeds and North- 
rop fyTie S P 929 bndge was used, the resistance of the solution bemg balanced against 
that of a L and N 99,990-ohm, 4-dial resistance box by means of an L and N type (c) 
A C galvanometer, the deflections bemg observed through a wide angle lens 110-volt, 
60-c>cle A C was used to activate the coils of the galvanometer and 6-voIt, 60-cj'clc 





436 ELECTS OPHORETIC STLm 


OF PITUITARl LACTOGEmC HORjrOiVE 




Fig 2 A iNpiczl example 
of schlieren photographs of 
the electrophoresis ofpituitan 
lactogenic hormone Expo- 
sures uere made at 15 minute 
intenais 


in Table I The plus and minus signs refer to 
the charge on the protein It wll be seen in 
Fig 3 that the isoelectnc point of pituitar}' 
lactogenic hormone is 5 70 This value is in 
accordance vnth our obserx'^ations that the 
maximum precipitation of the hormone occurs 
at about pH 5 5 It should be noted that the 
du 

value of the curve is 4 5 X 10-\ which is 

in agreement wth the prediction of Tiselius 

( 11 ) 

In their recent report Shipley, Stem, and 
White (12) have determined the mobility of 
their cr 3 'stalhne lactogenic hormone at 4 hj^- 
drogen ion concentrations It is of interest 
to note that onl}’’ one of their measurements 
at pH 6 52 (;/ = —3 64 X I0~® cm Vsec /volt) 
checks closely mth our value The matenal 
used for this measurement is said by them to 
be denatured b}" storage at low temperature 


TABLE I 


Electro phorchc Mobiblics oj Pilmlarv Lactogeme Hormone at 3°C tn Acetate and Phosphate 
Buffers of Paryiug pH and Constant Ionic Strength {0 055) 


Buffer 

1 pH 

1 

Mobility in cm s \ olt'^ 
scc'i X 10^ 

Acetate 

1 

' 3 73 

1 -hS 70 

ft 

4 00 

i +7 07 

it 

1 4 30 

' +6 31 

H 

4 75 

\ 

1 -f5 00 

Pho'pbnte 

1 

6 50 

-3 39 

it 

, 6 SO 

1 —5 32 

it 

1 7 00 

—5 75 

H 

, 7 20 

1 -6 50 

it 

7 85 

-to 00 


dn 


Slope of curxe at isoelectric point 


'dpH 


= 45 X 10"^, isoelectric point = 5 70 


The difference in mobility ot their undenatured cr}'stalline and our non- 
crj^stalhne hormone indicates that the two substances are not identical and 
might suggest that our lactogenic hormone is a denatured product, but exen 
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granting that our material has been denatured ra the process of punfica 
bon, it 18 remarljible that it does not shoTv biological detenorabon for it 
possesses the highest potency yet attained by us and has at least twice the 
potency found in a crystalhne preparabon tindly sent us m 1938 by Doctor 
White 

To test irhether or not the lactogemc hormone can be denatured by 
storage, two experiments ivere earned out as nearly as possible m the 
manner described by Shipley ei al* No 
difierence whatsoever Tvas found in the 
mobihty and homogeneity of the fresh and 
stored hormone solubons It should be 
menboned that durmg the dialysis of the 
hormone solubon in pH 6 S phoqihate 
buffer, no turbidity or preapitabon was 
observed in the dialysate This is very 
important because a possible contaminant 
m any lactogemc preparahons is the adreno- 
tropic hormone which shows maiiniiim pre 
apltation at about pH Furthermore, 
the solubons which were dialj-zed between 
pH 4 end S became turbid, yet this did not 
interfere mth the opbeal observations m 
elecbophoresis experiments 

The crop gland sbmulabng acbon of the 
hormone, which was used over a 10 day 
period m four electrophoresis experiments, 
was recovered by acetone preapitabon and 
tested agam biologically No change from 
Its ongmal potency was detected 

SUMMARY 

The Tisehus techmque of electrophoresis has been used to study the 
homogeneity and mobility of pituitary lactogenic hormone The lacto- 
genic preparation employed by us shows only one sharp band m schlieren 
photographs, indicabng a high degree of homogeneity From the deter- 

* It li vay diiGctilt to determine from the paper of Shipley Stem and MTiltc what 
concentration of the protem lolutlon la mlied irith U cc. 0^ N KOH solution We 
added 14 cc. OJh KOH into lOcc. 04 per cent protem solution which had been froxen 
at — 18"C lor 2 days We let the solution stand at room temperature for a few mmutei 
in one ciperlment and 1 hour m another eaperimeut 



lactogenic hormone at different 
pH 8 (temperatures C.) 
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mmation of the mobiht}’" of the hormone at different hydrogen ion concen 
trations m acetate and phosphate buffer of lomc strength 0 055, the iso 

electnc pomt was found to be 5 70 and the value 4 5 X 10~® 

cpH 

The difference m the mobdity reported for 'Route’s crystalhne preparatioi 
and that found with our high potenc}>- lactogenic preparation is discussed 
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ELECTROPHORESIS OF PEPSIN 


t Bt ROGER M HEREIOTT VICTOR DESREtTX* AMD JOHN H. NORTHROP 

^ {From the Laboratoria of The RockefeUer Institute for Medical Researcht Princeton 

New Jersey) 

(Recemd for publication, December 4 1939) 

The first samples of cryatalllne pepsm were found to be a protem con 
H tanunated with 5-10 per cent non protein material (1) On standing m 

solution the protem is hydrolyzed, the activity decreases, and this non 
protem material mcreases more or less rapidly dependmg on the conditions 
(2) Solubihty experiments (1) showed that the protem component of this 
preparation was at least as pure as the common proteins previously crystal 
hzed but showed some mdications of the presence of several closely related 
protems ^ This is the case with all proteins so far studied with the possible 
exception of chymotrypsmogen (14) These experiments were all made 
with one particular lot of commercial pepsm Subsequent work m this 
and other laboratories has shown that crystalhne pepsm prepared from 
different sources may differ m activity, stabihty, isoelectnc pomt, and solu- 
bihty Thus, Northrop (3) found that pepsm crystals prepared from 
certain samples of commeraal pepsm contained nearly SO per cent mert 
protem AH samples of once crystalhzed pepsm contam more or less of 
another enzyme which acts on gelatm (4) Hemott (S) showed that pepsm 
prepared from pepsinogen and from vanous commeraal preparations 
differed 10-30 per cent m activity Holier (6) obtained some mdication 
of enzymes of different activities by means of adsorption experiments 
DycLerhoff and Tewes (17) also found alight variations in activity Agren 
and Hammarsten (7) obtamed an mcrease m activity as calculated on a 
total mtrogen basis by electrophoresis and their results have been confirmed 
by Tisehus, Henschen, and Svensson (9) Steinhardt (8) found a variation 
in solubihty of pepsm at pH 2 7 and suggested that the effect was due to 
the non protem matenal present. Solubihty studies (10) show that these 
differences are probably due to the fact that there are several active protems 

• Fellow of the Belgian American Foundation 

1 It may be recalled that these determinations were made on samples which had been 
treated by a senes of extractions in the solvents used and not on crystals direct from 
the mother liquor 
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and that the differences m the various commeraal preparations are due to 
differences in the proportion of the various components present 
It has been possible to prepare pure “A” pepsm of constant solubihty 
from pepsinogen and also from certam espeaally active commeraal prepara- 

TABLE I 


Eleclrophorests of Various Pepsin SohUtotts 
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* The electrophoresis in these experiments was carried out by Dr Alexandre Rothen, 
Laboratory of Physical Chemistry at the Rockefeller Institute 

f The electrophoresis was earned out by Dr Lewis G Longsworth, Laboratory of 
Physical Chemistry at the Rockefeller Institute 

tions (Hernott, Desreux, and Northrop, unpubhshed experiments) An- 
other component of low activity 0 1 [P U pjt which has an isoelectnc 
pomt at pH 4 0 has also been isolated (Desreux and Herriott) No general 
method has been found so far, however, for separatmg the mixtures mto 
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thar various components Agren and Hammarsten (7) and Tisclius, 
Henschen, and Svensson (9) have found that electrophoresis of pepsm 
Eolubons yields a substance of higher acbvity than the ongmal solubons as 
calculated on a total nitrogen basis Accordmg to Tisehus et al this is a 
protem, shows a sharp boundary, and nugrates as a homogeneous substance. 
It seemed possible, therefore, that the electrophoresis method might furnish 
a means of separating the vanous protein components of a pepsm solution 
A number of electrophoresiE eipenments were therefore earned out with 
vanous pepsm preparabons The results of these experiments are sum 
manied in Table I. 

The results show that there is no separabon of the protem components 
from each other but that they rmgrate at the same rate and show a homo- 
geneous boundary This accounts for the fact, noted by Tisehus, that the 
specific acbvity of the migrating component is different m different prepa 
rabons More or less of the non-protem nitrogen is left behmd at pH 4 4 
and the migratmg protem therefore has a higher acbvity on a total mtrogen 
basis than the original solubon, as Tisehus and his collaborators and Agren 
and Hammarsten stated There is, however, no increase m acbvity on a 
protem mtrogen basis 

The “glycerme standard" pepsm of Table I is the same solution as that 
used by Tisehus It is a twice crystaDiied prqiarabon from Cudahy 
pepsm The soluhihty diagram of this preparabon is shown m Fig 1 
The diagram shows that more than one protein is present The migrat- 
mg boundary, however, is homogeneous (Fig 5) as Tisehus states but this 
migratmg material still contains more than one protem component 

The solubdity diagram of another sample of crystalhne pepsin prepared 
from Cudahy pepsm is shown in Fig 2 and that of pure “A” pepsin’ in 
Fig 3 The electrophoresis of a sample of pure “A” pepsm is reported in 
experiment 13 and Fig 4, and that of the Cudahy sample in eqienments 
7-11 of Table L The solubility diagrams show that the crystalhne Cudahy 
pepsm contains several proteins while the “A” pepsin contains only one 
The electrophoresis shows only one boundary m both samples 

The electrophoresis of a mixture of highly active pepsm (specific acbvity 
0 44 P U ) and a fraction of low acbvity (0 28) is shown m experiment 14, 
Table L There is agam no separabon The acbvity of the migratmg 
mixture is the same as that of the onginal mixture. 

* Samples of ‘ A" pepsm recently Isolated give a total solubility in this solvent of 
0A5 mg N/mh Instead of 0 65 mg This difference may be due to slight ddlerences 
In salt concentrations or to the fact that the sample reported atUl contained small 
amounts of a more insoluble protein present as a solid lolntlon. 
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ELECTROPHORESIS OF PEPSEST 


EkctropJtorests ai pH 3 5 — In the preceding experiments at pH 4 1-5 2 
the protein migrates to the anode and the non-protein mtrogen remams 





Fig 1 Solubility diagram of "standard glvcenne" pepsm in half saturated magne- 
sium sulfate 0 05 M pH 4 6 acetate at 22°C 


Fig 3 



Fig 2 Solubility diagram of crystalline pepsm prepared from Cudahy pepsm m 
half saturated magnesium sulfate 0 05 M pH 4 6 acetate at 22°C 

Fig 3 Solubihty diagram of pure “A” pepsin prepared from specially active prepara- 
tion of Cudahy pepsin Conditions the same as m Figs 1 and 2 

stationary At pH 3 4, however, some of the non-protein nitrogen migrates 
to the cathode and the protein to the anode This confirms the results of 
Agren and Hammarsten, Table H There is, however, no change in the 






acetate boffcr at pH 4 46 aa', positions in the cell to 'which the boundanes were shifted 

before the potential was applied J,i:, patterns of the rising and descending boundanes ^ 

respectively, after 4000 sec, at 6 9 volts/an The rising boundary was still too sharp ^ 

to be recorded complctdy The 3 and < boundaries art concentration gradients re- j 

maining near the initial botmdary positions and do not represent clectncally inert ma 

tcnaL The mobihty computed from the displacement of the descending boundary is 

u — —7,53 X ICH cnL*/vtdt/cnL i 



a b 


Fig 5 Longsworth pattern of dialyzed standard glycerine* twice crystallized 
Cudahy 12-7-33 jjcpsm at pH 4 43 and 3J volt/cm, (o) Rising anode boundary 
after 6900 seconds 1J28 cm migration mobility — —56 X 10~‘ citLVvolt/aec. (fr) 
Rising anode boundary after 57,300 seconds 9 0 cm, migration, mobility— —^7 • 

cm,*/volt/ ICC, 
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ELECTROPHORESIS OF PEPSIN 


activity of the protein and the change in total activity observed is due 
merely to the separation of protem and non-protein compounds 
Isoelectric Point of Pepsin— Ringer (11) found that most samples of 
pepsin, as obtamed from gastric juice, migrated always to the anode, even 
m strongly acid solution The addition of protem spht products, however, 
caused the enzyme to migrate to the cathode on the aad side of about pH 
3 0 Rmger concluded that the enzyme was an aad This result was con- 
firmed by Northrop (12) from a study of the distnbution of pepsm between 
egg albumm particles and the surroimding solution The distnbution 
was found to be the same as that of the chlonde ion mdicatmg that pepsm 
was a negatively charged monovalent acid at least as far acid as pH 1 0 
Tisehus, Henschen, and Svensson (9) have recently obtamed the same 
result by electrophoresis measurements Cataphoresis measurements on 


TABLE n 


Pepsm preparation 

Cell used 

pH 

Distance of 
migration 

Boundaries 

Per cent 

Nnn 

^ IxMal N 

[l-UlftoteinN 

Anode 

Catliode 

tc 

6 

t> 

1 

Cathode 

c« 

o 

P 

ns 

o 

Cathode 

tc 

S 

*T5 

O 

Cathode 

Crystalline Cu- 
dahy in n/10 
pH3 4atrate 

M 

3 4 

cm 

3 

Sharp 

Diffuse 

10 

6 

70 

0 27 

0 30 

0 10 

0 30 

0 31 

0 30 


collodion particles coated with ciystallme pepsm, however, showed an 
isoelectnc pomt at about pH 2 7 and a minimum solubihty was observed 
near this pomt (1) This result has now been found to be due to the effect 
of decomposition products on the measurement as ongmally descnbed by 
Rmger Thus, solutions of pure “A” pepsm, when freed from non-protem 
mtrogen are negatively charged even m n/10 hydrochlonc acid After a 
few hours at 30°C , however, durmg which time about 5 per cent non- 
protem mtrogen appeared m the solution, the particles became positively 
charged at pH 1 5 

The fact that pepsm contams at least two primary ammo groups but does 
not become positively charged even m 0 1 ii aad mdicates the presence of 
a very strong aad group An mdication of such a group is also found m 
the titration curves but cannot be determmed defimtely m this way 
Pepsm contams 1 atom of phosphorus (1) and this aad group may be that 

of phosphonc aad 
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experhiental 


Pepnn Aclmly MeoswemmU—Tht pq>Uc activity was detenmncd by the hemo- 
gbbin method as recently described by Anson (IS) This method Is accurate to ±2 per 
cent when different samples arc run at the same tune and with the same hemoglobin 
solution Determinations made at different times but with the same hemoglobin solu 
tlon may vary =b 5 per cent. When the determination is made with different hemo- 
^obln solutions and at different times the activity obtained may vary db 20 per cent 
For this reason it is necessary to run a * standard pepsin solution” with each unknofwm 
The activity of the standard pepsm is taken as the average value obtained for that 
solution m a bng senes of determinations, 'Ihe activity obtained with an unknown 
solution is corrected in proportion to the correction fonnd necessary with the standard 


pepsin solution. 


SX 

That Is, the activity of the unknown solution equab — when A is 


the observed activity of the standard solutiOD m this particular run, S is the average 
value of the standard and X is the observed activity of the unknown solution in the 
same senes of determinations^ 

The ^ycerme standard solutbn used m these experiments gave a value of 0,29 
(P U PN or 0 (P U toul N over a scries of determinations. For the same 
solution after dialysis 'nsellus found OJI Hb U per mg total mtrogen In view of 
the increase in activity found by 'Hselnis it appears probabb that the solution analyxed 
by him contained 20-d0 per cent non protein nitrogen and hence gave a low initial 
activity Unfortunately neither Hielius and his oiworkers nor Agren and Hammanten 
analyxed for protein mttogen. Since Tlsclius obtained a value of 034 [P U © tot»l n 
after electrophoieste it appears that hla figure of 034 corresponds to our figure of 039 
The non protein mtrogen exists In at least two forms smee part may be removed 
by dialysis and pert cannot be removed in this way The proportion of dlilyxable non 
protan nitrogen vanes with different preparations and no general statement can be 
made concerning its occurrence. 

NUrogen DdrrvutuiUtm — Nitrogen was determined by the mlcro-Kjeldahl method. 
Non protem nitrogen la defined as nitrogen that is not preopitated by boiling 5 per 
cent tnchbracetic aad. In maVing the determinations it is important that a relatively 
small sample (1 JD - 2 0 cc) of pepsin soluhon be run mto &-10 ml, of boilbg trichloracetic 
add. If the trichbracetlc acid is not boiling or if the pepsin solutbn Is added so rapidly 
as to cool the aad large amounts of non protem nitrogen may be formed by the action 
of native pepsm on the denatured protdn already present. Protem nitrogen is taken 
as the difference between total nitrogen and non protem nitrogen The specific activity 
per mllhgram total nitrogen is of much less significance m the case of pepsm than is the 
activity per milligram protein nitrogen. For example, b the crystaHixalion of pepsin 
from comm erdal pepsm the activity per mlDJgram total ni tr o g en bereases about 500 
per cent. Upon standing b solution the activity may decrease agab many hundred per 
cent b a few hours or days depending upon conditwns (2) The activity per milligram 
protem mtrogen, however remains piractically constant through all these changes 
Ekdropkoresis ifeasuranents — Experiments I and 2 were performed by Dr Alex 
andre Rothen and experiment 13 by Dr Lewis G Longsworth The Tiseliua apparatus 
was used m these cipcrbients. 
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ELECTROPROKESIS OF PEPSIN 


Expeninent 7 was made in a Theorel (16) apparatus constructed of luate 
The other etperunents were made m an open U tube except experiments 11 and 15 

which were done m an M shaped cell of Ju- 
cite This type of cell has proved very 
simple to make and has been found to give 
very good results It may readily be con- 
structed from strips of glass or of thm lu- 
cite, as shown m Fig 6 Both large and 
small cells have been used They are filled 
and samples are taken by means of capil- 
lary pipettes If one arm is to be sam- 
pled without disturbing the solution the 
bottom of the V is filled with mercury 
from a capillary pipette before sampling, 
thus seahng off the other arm The 
boundaries are observed by the method de- 
scnbed by Macinnes and Longsworth (13) 
Solubihty Delermtnalton — The solubil- 
ity determmations were made by preapi- 
tation of the amorphous protem as de- 
scribed by Northrop (1) and the curves 
analyzed as described by Sunitz and 
Northrop (14) The protem content of 
the solubons and suspensions was deter- 
mmed by turbidity measurements (18) 
after precipitabon of the protem by 
boilmg 2 per cent tnchloracefac aad plus 10 per cent saturated magnesium sulfate 
solubon 



Fig 6 M shaped electrophoresis cell 
of luate. 


SUMMARY 


1 A number of pepsm solutions containing several protem components 
have been studied by tbe electrophoresis method All samples show a 
homogeneous boimdary movmg to the anode at pH 4 4 

2 The activity of this matenal may be higher than that of the ongmal 
solution on the basis of total mtrogen but is the same as that of the ongmal 
solution on the basis of protem mtrogen 

3 There is no separation of the vanous protem components imder these 

conditions 

4 The apparent jsoelectnc pomt at pH 2 7, previously obtamed by the 
collodion particle method is due to the presence of decomposition products 
Pure crystallme pepsm, free from decomposition products, is always nega- 
tively charged 
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TIME-TEMPERATURE RELATIONS IN THE INCUBATION OF 
THE WHirEFISH, COREGONUS CLUPEAFORMIS 
(MITCHILL) 

Br JOHN W P3UCE 

{From the Deporimoni oj Zoology and ErUomoioty, Okto Slate I7mr«rji/y, Columbus) 
(Received for publication, November 2, 1939) 

The incuhatioii oi whitefiah. eggs occurs in nature at extremely low tem- 
peratures that fluctuate withm a very narrow range In Lake Ene, white- 
fish spawn in late November when decreasing water temperatures reach 
about 6®C Soon the lake freezes over Thereafter, whitefish eggs m 
ice-covered waters develop at temperatures only shghtly above freezing for 
a protracted penod of about 4 months of incubation The peak of hatch 
mg occurs In the spring as the water ^preaches 6®C Such development 
IS m sharp contrast to that of the majonty of fresh water speaes which 
develop at considerably higher and more widely fluctuating temperatures 
durmg spring and summer In the study herem reported, whitefish de- 
velopment was foEowed from fertDization to hatching at constant tempera 
tures of 0®, 0^, 2®, 4°, 6®, S®, 10®, and 12®C The resulting data yield 
Information regardmg the normality and rate of development at these 
several temperatures Certam accelerative effects of temperature have 
been treated statistically and presented graphically 

^aUncls and Meihods} 

For this study, approximately 120,000 whitefish eggs have been incubated in three 
a nmiil icriei, during the winters of 1934-35 1935-36 1937-38 At the height of the 
spawning season each of these yean, eggs were stripped from females taken ahve from 
commercial gfll nets in Lake Ene, The eggs were at once fcrtllued with rmlt from live 
males covered with vrater and handled with spedal care by an experienced fisherman 
Received from the fishing boat, the eggs were at once transported in dean water 
cooled with floating ice to the refrigeration cabmeta m the Zoology department, Ohio 
State University, at Columbus, Transferred to incubation jars, the eggs were incubated 
thereafter at constant tcmpcraturei as indicated. 

In each case, eggs were placed In these cabinets when m the one^ or two-celled stage. 
In the first two series the eggs were gradually shifted during the first 24 hour penod 

* The author wishes to thank Dr T H Langloh, and Mr E, L, Wickliff of the Ohio 
State Division of Conservation for thdr cooperation in providing whitefish eggs for this 
study 
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time-temperatuhe in incubation of whitefish 


into their respective temperature cabmets, and appropriate corrections have been made 
m the tables m calculatmg the incubation tune of the first few cleavages The third 
year it was found practicable to place the eggs unmediately m their incubation tem- 
peratures 

The whitefish egg is non-floatmg and measures 3 mm m diameter A thousand eggs 
occupy about 30 cc of the bottom of a water-filled (yhnder, and a quart jar carries about 
30,000 eggs Cone-shaped, 500 cc graduated wide-mouthed flasks were filled to from 
K to K full of eggs, and covered by at least an equal volume of filtered lake water 
A stream of air was introduced into the bottom of the flask by a vertical glass tube 
attached either to an individual air pump or to an air-pressure hne which dehvered 5 
pounds pressure at the mam valve Air thus bubblmg into the flask at the bottom both 
aerated the eggs and caused them to be rolled over one another, an action which auto- 
matically scarified the egg shell surface and kept it translucent 

In tests made previous to 1934, eggs kept m finger-bowls and not so aerated and 
agitated were definitely retarded m development m comparison with controk They 
gradually acquired opaque sheik which often supported growths of Saprolegma and 
Vorltcdla Such sheUs eventually dismtegrated and sloughed off their outer membrane 
Withm, there was a gradual necrosis of the embryo, usually begmnmg at the tail All 
such unaerated eggs died at temperatures above , and no fish hatched at even 2°, a 
temperature close to the optimum for mcubatmg aerated eggs 

In the present study, only data from eggs so aerated are recorded There was no 
evidence of mjury from excessive aeration or agitation 

Filtered water taken some considerable distance from shore m Lake Erie and trans- 
ported m glass carboys was the only water used m the mcubation jars Various samples 
tested had a pH value of from 8 0 to 8 2 At various tunes, this Lake Ene water taken 
from jars contaiiung mcubatmg eggs was found to range from 7 8 to 8 4 m pH readings 
Hall (1925) found that a pH of 7 8 is optimum for whitefish incubation in early stages 
and that the optunum is lowered as the embryo becomes older The wnter regards the 
O 2 /CO 2 ratio and the hydrogen ion concentration to have been nearly optimum and 
quite uniform throughout these tests, m view of the abundant aeration provided 

Controlled Temperature Cabinets — ^Tfae flasks contammg mcubatmg eggs were kept 
m controlled temperature air cabmets, described by Peterson (1934) Bnefly, the six 
msulated air cabmets, each with an inner storage space of 27 cubic feet, are cooled by 
brme flowing through coik m such a way as to mamtam a cabmet temperature 1-2°C 
below that desired An msulated brme tank is kept at -4 to -5°C through the action 
of an ammonia compressor of % ton capacity In each air cabmet an electric fan forces 
a draught of air over the cods and throughout the cabmet proper The coik are sepa- 
rated from the air chamber by an msulated panel 

The air of the cabmets is maintamed at the desired temperature by the action of an 
Amencan Instrument Company sealed mercury “Metastatic” thermoregulator. Type C, 
with a sensitivity of 0 02°C which operates hght bulbs through a supersensitive relay 
The relay operates on 0 007 amperes at 6 volts The an m the cabmets is thus mam- 
tamed at the desu-ed temperature with variations of not more than 0 1°C A continuous 
temperature record is provided by a Foxboro temperature recorder attached to each 

cabmet , „op 

The coldest cabmet was maintained, as stated above, at an air temperature 01 

Still water, of course, freezes at this temperature It was possible, however, to prevent 


JOHN W PMCE 


451 


ICC formation in the incubation jara througfa agitation produced by air bubbling through 
the -water A slight temperature depression caused by a hght bulb burning out or a 
sticking brine valve or if an air pump failed to force air through the bcubation Jar, 
•would permit freezing Such difficulties were enttrantered m both of two series of eggs 
incubated at this temperature. Freczmg resulted in high mortality, and the remaining 
eggs were thereafter discarded Hence, the data for the 0* scries are mcomplete. 

Tkt Sandltng of Eggs — Daily observations and records were made of mortahty and 
stage of devdopment attained All dead eggs were removed each day from the mcuba 
tlon jars. To do this, the eggs were transferred to finger bowls, which -were stacked m 
the cabmet until examined. The finger bowls, removed smgly, were kept half submerged 
in prechflled water kept cold with floating ice. Dead eggs were removed as rapidly as 
possible with pipettes ^leoally drawn 

For stage determinatioii, it was found that twenty five eggs constituted a valid sample, 

by chance, among twenty five eggs -would be foxmd essentially the same proportion 
of all stages present as would be found in the entire lot of eggs Ail stages found In the 
sample -were recorded daily The midpoint of time required for a given Jar of eggs to 
attain a certain stage was designated as that time at which 50 per cent or more of the 
sample had attamed that stage. 

Types and proportions of abnormalities in the -vanoos series w er e also noted. A 
discussion of these types will be published elsewhere. 

Desertpium of Stages 

Throughout this study, stages of development are refened to by numbers 
which correspond to the numlkrs of similar stages m the SOJ-stage Ohio 
State 'Dniveraty senes, collected at the Ohio State Fish Hatchery at 
Put in Bay, Ohio, during the -winter of 1926-27, and desenbed by me 
in previous p^ers (Pnee, 1934 and 1935) Supplementing that desenp- 
tion made solely from preserved matenal, certam features peculiar to 
hvmg embryos have been used in the present study as diagnostic features 

It is noteworthy that two entena often used for designating stages were 
foimd unreliable in this study These are (1) embryo length and (2) the 
number of somites Embryos incubated at the higher temperatures were 
uniformly shorter and smaller at a given stage of development otherwise 
than were embryos meubated m the lower range of temperature At the 
higher temperatures liVe-wise, many abnormal embryos were distorted m 
the midbody and tail regions, rendering a somite count futile Embryo 
length and sonute count as catena were therefore discarded in favor of a 
combination of both structural and ph 3 rsiological features which proved to 
be more satisfactory 

Pigment appears in the eye, m the blood, and m chromatophores in a 
definite sequence In ]ust as precise a manner, the circulatory system 
developed m a consistent pattern, and the -visible extent of the -vitelline 
drculation seemingly vaned withm extremely narrow Unuts from one em 
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TABLE I 

Series of Sloges Used in the Determination of the Degree of Development of Live Whilefsh 

Embryos 



Stage 

Diagnostic characteristics 

1-cell 


Uusegmented blastodisc 

2-cell 


2-celled “ 

8-cell 


8-celled “ 

16-cell 


16-celIed “ 

32-cell 


32-celled “ 

No 8 0 S U 

Blastodisc 4 cells deep Early penblastjc ndge 

16 

tt 

Blastodisc 8-10 cells deep Blastomeres small 

32 

U 

Formation of germ ring and sub-genmnal cavity 

48 

t€ 

Blastoderm envelops upper of yolL 

64 

(t 

Blastoderm envelops upper pi of yolk. 

80 

tt 

Blastoderm envelops upper % of yolk. Prmiaiy germ layers es- 
tablished. 

96 

tt 

Large yolk plug stage Formabon of embiyomc streak. 

112 

it 

Small yolk plug stage Opbc pnmordia appear 

128 

tt 

Closure of blastopore Three primary cerebral vesicles developed 
Notochord extends forward to level of mesencephalon 

144 

tt 

Embryo extends distance around curvature of yolk, without tor- 
bon. Auditory anlagen visible 

160 

tt 

1 

Increased size of brain and opbc vesicles Two layered opbc cup, 
with choroid fissure and lens pnmordium Nasal pit anlagen 
appear 

176 

tt 

Progressive development of features listed above 

192 

tt 

Fourth ventricle visible Opbc stalk present Tail begins to be 
undercut by tail fold. 

224 

tt 

First heart beat Embryo % way around yolk. First antenor 
branchial pouch has perforated Prominent fourth ventncle 

272 

tt 

First curve of tafl. First movements, spasmodic m mid-body regions 

320 

it 

Dorsal aortae traceable mto tail region First eye pigment visible 

368 

tt 

First color of blood, detectable m heart region 

400 

ft 

Embryo complete circle on yolk m senes mcubated at low tempera- 
tures Heart U-shaped. Vitelhne veins large and filled with 
erythrocjtes Semi-circular canals developmg Pectoral fins 
defimtely raised above surface of lateral somatopleure First eye 
pigment readily apparent 

448 

tt 

Circulabon very evident m extra-embryomc area Eye pigment 
darker 

496 

tt 

Pectoral fins defimtely formed Length shghtly less than 8 mm. in 
case of normal embryos 

528 

tt 

Circulabon very clear throughout tail, body, and on sides of yolk. 
Hatchmg enzyme glands visible m throat region Yolk vessels 
at penphery of splanchnocoele form smgle continuous loop from 
vitelhne artery to vein Two chambered heart 

592 

tt 

Circulabon m yolk vessels visible, m branch of vitelhne vem lateral 
to heart on yolk. Spasmodic twisbng of entire body, rotating 
yolk sac as it docs so No movements of pectoral fins Estimated 
length of normal embryos 8 5 mm. 
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lABlX l—Cmduitd 


Suce 

DiifMtk diancttriitlct 

No 632 OS.V " 

Three teml>drcaUr amib deeriy visible through shdL Yolk with 

1 imgle large oil f^obule. Qiculmtion in vitelline velna tiaceeble 

1 irom below oil globule. E>'e* bladiL Caudal lobe on tall. No 

movement in pectoral fina. Embryo occaalcmally goes throu^ 
spasmodic and violent twisting of entire body, changing the fleznre 
from left to right and perxa in tome cates moving entire yolk sac. 

680 ‘ 

1 

1 

First evidence noted of pectoral fin movement Pectoral fin spear 
head ihaped from dorsal view Stellate chromatophoies In double 
row along entire length of body Heart beneath body 

776 ■ 

1 

Constant fin flatter stage. Pectoral fins in a state of rapid fluttering 
or twitching 

800 ‘ 

Stellate chromatophores appear for first time on head. Embryo 
ertremely active. 

Hatching stage. 


biyo to another of the same stage The time of the mitfation of character- 
istic movements, first spasmodic and general m the midbody region, followed 
by tail movements, then general body twiatmg movements, and finally fin 
and eye movements all follow m as strict a chronological sequence as the 
development of morphological features All these, taten together, form 
the basis for the designation of stages, m Table L 

HESUl-TS 

/ Jfange 0 / Temperature Tolerance — Data given below (Tables II to IV) 
show that whitefish hatched ahve at all temperatures tested between 0,S°C 
and 10°C Although certain development occurred at the extreme tem- 
peratures of 0°C and 12°C , no fish hatched at these extremes The effec 
tive range of temperatures is therefore limited to from 0-5-10°C , through 
which hatchmg occurred The proportion of normal hve fish hatched at 
mtermedlate temperatures suggests a range of 0.5-d°C for normal develop- 
ment with an optimum at 0 5”C A more complete statement follows 

The freezmg of water at 0“C imposes a natural limitation to development 
below that pomt When freezmg could be prevented at (fC , development 
occurred although It was extremely retarded (See Table IV ) Vanous 
tests showed that, upon bein g frozen, eggs m early cleavage stages under- 
went a disruption of the numerous scattered oil globules beneath the blasto- 
dlsc. These globules then either coalesced withm the yolk into one or two 
large globules, or were cast off into the penvitelline space The blastodisc 
simultaneously became distorted and shortly thereafter opaque. If freezmg 
were prevented at 0°C until after gastrulation, it failed to cause any dis- 
tortion visible externally, but general necrosis soon became 
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In two years’ tests, the writer reared eggs at 0°C without freezing to 
stages 224 and 272 respectively, beyond gastrulation (stage 128) How- 
ever, mortahty m each case had reached at least 95 per cent Whether 
could be induced to hatch at this extreine temperature is seriously 
open to question These results strongly indicate that 0°C is the lowest 
temperature at which whitefish eggs will develop ,t e , the physiological zero 
The highest temperature tested at which development occurred was 12°C 
(1935-36 senes) Development proceeded at a consistent rate, although 
mortahty was extremely high from the begiiming In later stages, all 
survivmg embryos were noticeably abnormal, the majonty of them having 
short, twisted tails and distorted heads A few hatched dead, but none 

TABLE n 

Mortality, HatcJiahlity, aiid Abiwrmahty of Whitefish Embryos Incubated at Constant 

Temperatures 1934-35 Series 


Incubation temperaturca 



0^ 

■1 

mm 


8 

10 

1 

•c 

‘C 

•c 

•c 

*C 

•c 

Mortahty, per cent 







(a) Pnor to hatching stage 

26 25 

38 0 

40 0 

27 5 

34 4 

63 0 

(i) During hatching stage 

I 08 

4 0 

1 

1 4 

14 0 

46 8 j 

36 4 

(c) Total 

27 33 

42 0 

41 4 

41 5 

81 2 

99 4 

Eggs hatched ahve, per cent 

72 67 

58 0 

58 6 

58 5 

18 8 

0 6 

Estunated embryos ahve at hatchmg stage that 







were abnormal, per cent 

0 

0 

1 

10 

25 

50 


hatched ahve This temperature is therefore regarded as beyond the range 
of tolerance of the whitefish egg for effective incubation and survival 
The comparative survival and hatchabihty of whitefish eggs incubated 
throughout the effective temperature range of 0 5— 10°C is summarized 
m Table n from the 1934-35 senes 
From these results, eggs mcubated at 10°C are seen to have a high 
mortahty, 99 per cent total, and low hatchabihty, less than 1 per cent The 
estimate of 50 per cent of the embryos ahve at the hatchmg stage bemg 
abnormal is probably too low In the other two senes, the percentage of 
abnormals produced at this temperature was 95-100 per cent At best, a 
temperature of 10°C is extremely adverse to whitefish embryonic de- 
velopment 

The next lower 8° temperature, while less unfavorable, still produced a 
sigmficant proportion of abnormal embryos, a high mortahty, and a low 

hatch 
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Temperatures from 2-6° yielded a qmte uniform result in the percentage 
of mcubated eggs hatched (58 per cent) Dificrences m the mortahty 
records occur m the higher percentage of eggs dymg at the time of hatchmg 
at 6°, although the total mortahty for this senes at 6° is approximately the 
same as for the 4° and 2° senes The 10 per cent of abnormal fishes ahve 
at hatching time mdicate 6° as the maximum temperature at which normal 
development characteristically occurs Day old fishes hatched at this 
temperature swim vigorously m a tank of water, whereas those hatched at 
hi^er temperatures exhibit only occasional movements, lymg most of the 
time quietly on the bottom of the tank. 

The most favorable results were obtamed m these tests m the 06°C 
senes The relative proportion of fishes hatched, the lower mortahty 
throughout, and the absence of abnormal fishes produced support this 
conclusion In this connection, the typical lengths of newly hatched fishes 
mcubated at vanous temperatures are mterestmg 


TAME in 

LeniUu in lUUimders of Newly Batched Whitish Incuhatcd at Various Constant 
Temperatures (1934-35) 


10* 

1 

i •• 

4 

r 

OS* 

8-9 S 


11-12 


11-13 

12-14 


These results m length of hatched whitefish correspond to those obtamed 
both by Hall (1925) at these same temperatures so far as tested, and at the 
lower temperatures with those typically secured at the Put-m Bay, Ohio 
hatchery on Lake Ene The above data seem to justify the conclusion 
that 05°C IS the optimum or at least very close to the optimum tempera 
ture of mcubation of the whitefish egg 
From the above one may readily perceive that the whitefish is an un- 
usually clear cut case of a species bemg precisely adjusted dunng its em 
bryomc development, to a very narrow range of an environmental factor, 
0.5-6°C temperature, with the optimum for the speaes being extremely 
close not only to the lumt for the medium (freezing pomt of water) but also 
to the physiological zero for many processes Such a low temperature 
range obviously limits the occurrence and contmued survival of the speaes 
to waters which mamtam a wmter time temperature dose to the freezing 
pomt Actually, whitefish do occur both m North Amenca and m Europe, 
prmdpally m lakes which, like the Great Lakes, are subject to contmuous 
freezmg m wmter 







( 


f 










456 


TIME-TEMPERATUIUE IN INCUBATION OF WBTTEFISH 


TABLE IV 


Incuhaiion ofWhtl^sh Eggs tn Three Annual Senes, A = 1934-35 Senes, B = 1935-36 
Senes, C = 1937-38 Senes Av = Average Time m Days jor the Three Senes 
K = Time Calculated from Equation 
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TABtE Vf—Coni\nwd 


8Uf« Ko. 


Tmpcntw* ol tocsbctleo 

0* 

OJ* 1 

2 

* 1 

t 

V 

10* 

U 

n 

A 




7 33 

m 

3 75 

3 3 

2 5 



B 

B 5 


7 5 

— 

4 41 

3 58 

2 83 

1 83 


C 

12 0 


8 5 

5 58 

5 0 

— 

— 

— 


Av 

10 25 

— 

7 78 

5 59 

4 39 

3 44 

2 66 

1 83 


K 

10 24 

9 53 

7 63 

5 76 

4 4 

338 

2 54 

1 9 

64 

A 



17 4 

13 83 

10 6 

6 25 

■Xl 

4 35 




B 

18 6 

— 

U 0 

— 

7 0 

5 5 

4 6 

4 4 


C 

21 6 

— 

15 0 

12 5 

HU 


-- 

— 


Av 

20 1 

17 4 

14 28 

11 6 

7 75 

5 25 

4 47 

4 4 


K 

20 08 

16 6 

14 76 

10 87 

7 5 

5 84 

4 84 

4 01 

m 

A 



28 4 

23 33 

15 6 

9 62 

7 3 

6 6 




B 

28 5 

— 

18 6 

— 

— 

— 

6 46 

5 41 


C 

(33 0) 

— 

23 6 

15 5 

13 0 

9 16 

— 

— 


Av 

30 75 

28 4 

21 84 

IS 55 

n 31 

8 23 

6 53 

5 41 


K 


28 IS 

21 91 

15 68 

11 05 

8 55 

6 70 

5 25 

224 

A 



(46 5) 

42 83 

23 8 

16 55 

(U 17) 






B 

43 38 

— 

26 46 

— 

15 41 

— 

9 41 

(8 0) 


C 

55 5 

— 

38 5 

23 75 

19 83 

15 3 

10 5 



Av 

49 44 

(46 S) 

35 93 

23 77 

17 26 

13 73 

9 95 

8 0 


K 

■» w 

45 65 

34 93 

24 44 

17 75 

13 66 

10 28 

7 9 

272 

A 



54 5 

48 0 

J7 6 

19 3 

13 67 





B 

— 


36 7 

— 

20 5 


10 41 

8 5 


C 

60 5 

— 

41 5 

(76 75) 

(20 75) 


(11 3) 

— 


Av 

60 5 

54 5 

42 06 

27 17 

20 18 

14 72 

10 57 

8 5 


K 

60 IS 

54 79 

41 43 

28 52 

19 7 

14 80 


8 24 

400 

A 


63 5 

60 3 

33 6 

22 17 

17 5 

13 6 



B 


— 

39 41 

— 

23 5 

— 

12 41 

10 91 


C 


-- 

(53 5) 

34 75 

— 

18 33 

13 08 

— 


Av 


63 5 

51 07 

34 17 

22 83 

17 91 




K 


69 09 

51 03 

34 15 

22 75 

17 63 

13 68 


44S 

A 


71 5 

67 0 

37 6 

24 75 

20 8 

15 6 



B 


— 

43 38 

— 

25 5 

— 

13 41 

11 41 


C 


— 

55 5 

38 5 

25 75 

20 16 

— 



Av 


71 5 

55 96 

38 05 

25 33 


14 5 



K 


75 6 

56 16 

37 78 

25 6 

1 19 64 

14 93 


528 

A 


78 7 

73 0 

43 6 







B 


— 

54 5 

— 



IS 41 



C 


— 

60 5 

42 5 



16 25 



Av 


78 7 

62 66 

43 05 

27 5 

23 29 

IS 84 

13 41 


K 


86 37 

63 43 

42 02 

27 98 

21 81 

16 92 

13 12 
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HME'TEillPERAT U JiE IN INCUBATION OF 'U'HITEFISH 


TABLE TV—Co>tch(ded 


Stage No 


Temperature of incubation 



0° 

OJ* 

2* 

4° 

6° 

s* 

10° 

12* 

632 

A 


89 0 

82 0 

(52 6) 



27 8 

21 1 



B 


— 

— 

— 

30 5 

— 

17 4 

15 41 


C 


- — 

65 5 

48 0 

(37 0) 

26 25 

18 53 




Av 


89 0 

73 75 

50 3 

33 75 

27 02 

19 01 

15 41 

1 

K j 

1 

99 14 

73 95 

50 03 

33 98 

26 02 

19 86 

15 15 

776 



113 5 

100 0 j 

67 6 

38 17 

32 3 , 

25 6 



B 


— 

— 

— 

40 83 

— 

26 46 



C 


1 

1 84 5 

59 0 

44 5 

33 25 

24 25 



Av 


113 5 

92 25 

63 3 

41 16 

32 77 

25 44 



K 


126 0 

93 08 

' 62 18 

41 43 

32 5 

25 55 


Hatching 

A 


141 0 

133 0 

83 6 

57 25 

40 3 

29 6 



B 


— 

— 

— 

56 5 

— 

— 



C 


— 

109 0 

77 0 

62 0 

— 

— 



Av 


141 0 

121 0 

SO 3 

58 58 

40 3 

29 6 



K 


156 35 

119 1 

82 87 

57 8 

41 19 

29 28 



II Rat^ of Deselopment — The tune in days required for whitefish eggs 
to attain the vanous stages descnbed m Table I is hsted m Table IV 
Average values for the 3 years’ tests are given In some instances, the 
vanabon between different year groups was considerable In no case, 
however, was there overlappmg for the different year groups between suc- 
cessive stages in a given senes, or in the tune required for attaining the 
same stage at different temperatures The vanation is such, however, 
that the mean values of 3 years’ tests are more consistent and probably 
more representative than are any one year’s values alone 

One sees from Table IV that m whitefish eggs, the length of the develop- 
mental penod up to any given stage vanes mversel}’’ with the temperature, 
and that the spread m days between successive temperature senes mcreases 
progressively with development The relative difference in time between 
vanous temperatiue senes remains, however, about the same For in- 
stance, early development through gastnilation is complete by stage 128 
This penod increases from 6 53 days at 10°C to 28 4 days at 0 5°C , an 
increase of 4 3 times Likewise the total mcubation penod to hatching 
mcreases from 29 6 days to 141 da)^ at these same temperatures, an mcrease 
of 4 7 times Relatively therefore the differences are appro^mately the 


same 
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In rovmd numbera, a rise of 4°C either halves the tune or doubles the 
rate of attammg a given stage, and Qn values fluctuate around 5 0 as a mean 
Chart 1 has been drawn by plotting the average observed time values of 
Table IV The comparative slope of the hnes mdicates the relative rate of 

development at vanous temperatures In general, the rate, of de- 
velopment IS directly proportional to temperature. 

No attempt has been made to smooth these Imes Some of the variations 
from the rectihnear are undoubtedly due to practical difficulties m deter 
mining end pomts However, the tendency of these hues to undulate 
somewhat regularly can scarcely be accounted for on this basis They 



time m days for each tcmpcratore for each stage. 

somewhat suggest the rhythmic vanahon m growth rate of the duck 
(Schmalhauseii d al) Treated from another point of view, vanations in 
rate during certam developmental periods are discussed at the end of this 
paper 

III Ddermtnaiton of Thermal Increnimis — ^Whether a single degree 
difference in mcubahon temperature results in the same proportionate 
amount of change in rate of development throughout the temperature range 
can be shown by the calculatioa of thermal increments or temperature 
characteristics 

For this purpose, stage 272 was arbitrarily selected as a test case In 
the lower portion of Chart 2, the average observed number of days of in 
cubation up to stage 272, as listed in Table IV, is plotted against tempera 
tures The loganthms of time (log T) plotted m the upper portion of fhi^ 
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chart rectify the natural number curves By applymg the method of least 
squares (Snedecor et al) ih.Q two straight Imes shown were fitted to these 
pomts (log T, C°) The equations used are 


A{] 6°’ Ail ll” 


log T = log if — / log j4 (2) 

in which the time (T) to attam a given stage is inversely proportional to 
the constant (^4) raised to an exponent, temperature (/) The constant 



Chart 2 Incubation tune as a function of temperature, stage 272 

(M) IS the F-mtercept at O'’ ordinate Since, within the temperature range 
given, values of A are constant for a given stage, the term A m equation 
(1) above serves as a temperature charactenstic 
In fitting vanous curves to the pomts on these semi-log graphs, goodness 
of fit was measured by calculation of the standard error of estimate A 
single straight hne of equation (2) fitted to the semi-log curve from 0-12° 
had a standard error of estimate of 0 028 The combmation of two straight 
hnes as drawn on the semi-log graph has a standard error of estimate of 
only 0 0138, a reduction of more than half Thus by resolving the semi-log 
curve for this stage into two straight hues, mstead of one, estimated values 
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and the curves drawn from them more nearly agree with mean observed 
values These hues mtersect one another at the 6° locus In equabons 
(1) and (2), values of A derived from log A measure the slopes of these hues 
They have one value below 6°C and another value above it Values of A 
regarded as temperature charactensbcs, express the relabonship between 
tune and temperature In stage 272, yfi =» 1 205 between (f and 6°, As ■= 
1 1575 between 6° and 12° Equation (1) now becomes 

r--^\ ^ 0 ) 

6 ° USTS'J 12 ' ' 

This IS to say that below 6°, mcreasing the temperature 1° mcreases the 
speed of development 1 205 times, above 6°, increasing the temperature 
1° mcreases the veloaty 1 1575 times. 

From the above result, 6° is a crlhcal temperature, above and below 
which the temperature characterishcs differ In this particular case m 
question, curves which mtersect just below 6° fit the observed pomts closer 
than do other curves drawn to Intersect just above 6°, but neither differ 
significantly In their standard errors of estimate from that of the curves 
drawn mtersectmg at the 6° locus The cribcal pomt in the temperature 
range for this stage then is 6° or slightly below 
BSlehridek has studied bme/temperature relabons In a vanety of 
circumstances, in which he has apphed the empmcal equabons 


f- 


o 


W 


bgr-logo-Hot* (S) 

Here time, (y) is eiqiressed as the reaprocal of the temperature, (*), raised 
to Its exponent, b, the latter bemg regarded as a temperature charactensbc. 
To express this relationship graphically, log y values are plotted against 
log * values The constant a expresses the bme at ± 1°, smce log 1 00 is 
xero The slope of the resulting straight line curve or curves expresses the 
value of b For stage 272, a single straight line fitted to the log y/log x 
pomts yields a standard error of estimate of 0 063 Two hnes mtersectmg 
at the 6° locus and fitted by the method of least squares yield a standard 
error of estimate of 0 0094, a reducbon of 6 7 bmes over the error in the 
smgle hne curve In this case, equabon (4) becomes 
a 1 1 0 ^ 6 

^ “ *«*» / 6 * ^ / 12 * ® 
From the above it is seen that equabon (6) with a standard error of esbmate 
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of 0 0094 can be made to fit the data just as closely over its range as does 
equation (3) with a standard error of estimate of 0 0138 Both equations 
mdicate that 6 is a critical temperature However, b values of equations 
(4) and (6) represent acceleration m log rate with reference to that rate at 
the base temperature of 1 Obviously b in these equations is an exponent, 
expressmg the power to which the temperature is raised as a function of 
time It IS not readily susceptible to a direct calculation m terms of natural 
numbers, as is the case with the natural number values of ^ m equations 
(1) and (3) This fact favors the use of the latter m denvmg a temperature 
charactenstic from an exponential equation Further, equation (6) does 
not hold for the 0° temperature, and at 0 5°, there is a wide difference 
between calculated and observed values For these reasons, equation (6) 
IS discarded m this analysis in favor of equations (1) and (2) in expressing 
the time/temperature relations m the mcubation of the whitefish 

Returmng then to Chart 2, the hnes as drawn express the time/tempera- 
ture relations applymg to stage 272 From either the chart directly or 
from the values of A given, it is seen that (1) the time required to attam 
stage 272 throughout the entire range from 0-12° through which whitefish 
eggs will develop is expressed as a combmation of two negative exponential 
curves, (2) the mid-pomt m the temperature range, 6°, is a cntical tempera- 
ture It wiU be recalled here that 6°C is the temperature below which 
normal development typically occurs, above it, progressively abnormal 
development occurs, (3) below this cntical temperature, the tempera- 
ture charactenstic, Ai — 1 205, apphes, meanmg that for every degree nse 
m mcubation temperature, the tune required to attain this stage is decreased 
1 205 times Above 6°, the temperature charactenstic, Ai = 1 1575, ap- 
phes, expressing a proportionate decrease m tune per degree nse m mcuba- 
tion temperature . 

Treating the data for the other stages studied, m a similar fashion, 
usmg the method of least squares for smoothmg curves and calculating the 
-^Talues of A, results similar to the above were obtamed Two curves which 
intersect at the 6° locus give a closer fit to the data than does a smgle 
curve without such a break The closeness of fit was satisfactory except 
at the 0 5° locus m later stages, where observed values were definitely lower 
than those calculated 

Calculated A values for the vanous stages are displayed m Table V A 
values for temperatures below 6°C have a mean of 1 193, while those for 
temperatures above 6°C have a mean of 1 135 That these mean A values 
are significantly different is shown by the fact that their difference is more 
than five times the standard error of their difference 


Smoothed curves which show the time calculated from the above for 
whitefish eggs to attam certam significant stages are presented m Chart 3 
Pomts indicated represent the average observed time of mcubabon at each 
temperature. 

The estimated numbers of days for other stages based on similar calcula- 
tions are listed m Table TV 


TABIE V 

Tmpcralure CkaracUtUlia of Wktlefith Ett Incuiaium aboK or bdom Ike Crtliad 
Temperaiure, PC A Yaluej Expras Aaderotion Per Degree Rue in Temperature 
from Ferlilitatton to the Attainment of the Stage Given For Stage Descriptions, 
SeeTaUeJ 




rtlaet 


1 257 

1 _ 

4<ea 

1 173 

— 


1 141 

— 

8 

1 173 

1 092 

16 

1 119 


32 

1 154 


64 

1 1 16S 


108 

1 1 181 


224 

1 19S 


272 

1 205 1 

1 157 

400 

1 223 1 

1 135 

448 

1 219 

1 146 

528 

1 228 

1 US 

632 

1 215 

1 144 

m 

1 223 

1 128 

Hatdilng 

1 199 

1 186 

Mem M 

1 19266 

1 13486 

StuKkrd em>T of mem — 

00365 

^ 00687 

IXffetence betveen *■ 

1 5 235 X error of Uirir (fiflerence) 


The instantaneous responses to temperature durmg vanous phases of 
embryomc development are revealed when thermal mcrcments are calcu- 
lated for each phase mdependently Thermal mcrements m terms of both 
the A values of the exponential equation above and M values of Arrhemus’ 
equation, as used by Crorier and others, have been detenmned for the 
foUowmg phases From 1-cell stage to the 8-cell stage, designated as early 
cleavage, from 8-cell to stage 8, designated as mid-deavage. Stages 8-32, 
late cleavage, stages 32-128, gastrulahon, stages 128-400, organogenesis, 
stages 400-776, subsequent groiolh to pre hatching stage, stage 776 to mid 
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hatchmg date, Jiatchng penod, fertilization to hatching, laid incubation 
penod 


TEMPERATURE OF INCUBATION. DEGREES CENTIGRADE 
Chart 3 Length of incubation period of whitefish eggs at temperatures given, to 
attain certam selected stages 

Stage 32, end of cleavage Stage 400, complete circle 

Stage 128, closure of blastopore Stage 632, growth 

Stage 224, pntnary organogenesis Hatching stage 

The A and m values for these several developmental phases are hsted and 
plotted in Chart 4 Along the absassae, the space occupied by each phase 
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shows its duration in per cent of the total incubation tune The proper 
tionate part that each phase occupies of the whole is listed m Table VI 
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The mean length of the hatching penod above 6°, however, is only shghtly 
more than half (57 5 per cent) its mean length below that point Obviously 
the hatchmg process is affected by temperature differently m the two por- 
tions of this range 

An espeaally interesting outcome shown m Chart 4, is the correspondence 
m fluctuations m A and values for these phases of development, since 
they descnbe the time/temperature relationship m different terms As 
mentioned above, A values are a measure directly of the proportionate 
amount by which time of development is m creased per degree Centigrade 
drop m temperature, or by which veloaty is mcreased per degree nse m 
temperature, withm a given range Their utihty is in mterpolation On 
the other hand, fx values have been mterpreted to indicate the gram mo- 


TABLE VI 

Relative Duration of Various Stages 



0-6* 

6-12* 


per ctnl 

per cent 

l-cell to 8-cell 

1 2S\ 


8<ells to stage 8 

1 16/ 

o 

Stages 8- 32 

4 37 

S 77 

Stages 32-128 

12 00 

13 92 

Stages 128-100 

23 37 

23 88 

Stages 400-776 

34 65 

39 84 

Stages 776-batcbwg 

23 20 

13 35 


100 00 

100 00 


lecular energy of activation of the catalyst, le , the “cntical mcrement of 
the active substance” controlhng the reaction Their utihty is in identify- 
mg, presumably, the character of the controlling reactions 

On either basis, the curves show similar trends, and that the whitefish 
embryo throughout its range of mcubation temperatures responds in a 
cychc manner to temperature differences Peaks occur in both curves 
durmg the penods of cleavage and of organ formation The peak during 
cleavage of the 6-12° curve is relatively 1 5 times higher above its ongin 
than IS the 0-6° curve This is to say that the rate of change per degree 
Centigrade durmg cleavage is approximately 1 5 times greater in the higher 
temperature range than it is m the lower range at its maximal point The 
sharpness of the peaks here may mdicate a relative instabihty of the intcr- 
actmg factors That the egg is highly sensitive to temperature effects 
durmg cleavage is borne out by the extreme mortality of eggs subject to 
adverse temperatures durmg this phase 
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Beyond these points, the curves indicate that the rate of change per degree 
temperature is unif onnly lovrer for the higher temperatures The less acute 
and somewhat more regular angles of the curves may mdicate an accumula 
tive effect with age as to the organism’s responsiveness to temperature 
One might be permitted the suggestion that up to the pre hatchmg stage 
these curves represent the relative mteraction to temperature of two 
separate sets of embryonic processes The first set of processes consist of 
those which give a maTimql response by way of rate of change to tempera 
ture differences early m development, * e , pnor to gastnilation The 
second set of processes are such that they give a maximnl response durmg 
later stages 

The duration of the hatchmg period is primarily dependent upon processes 
that effect a rupture of the egg shell membranes From both observation 
and experiments, the hatchmg of whitefish eggs results from a combination 
of mechamcal movements of the fish withm the shell and the action of 
hatchmg eniymes Temperature effects upion the rate of action of these 
factors may or may not be predictably sunilar to effects of temperature 
upon the speed of embryomc processes 
In Chart 4, the downward slope of the 0-6° hue during the hatchmg penod 
IS directly opposed by the sharply rismg 6-12° hne The magnitude of 
both the A and values durmg the hatchmg penod m the upper temperature 
range mdicates that hatchmg is probably controlled above 6° by factors 
unique to that process and not significant at temperatures below 6° 

The M value of 82,800 does not at all correspond to such values for em 
bryonic processes, as seen from the chart on the graph Assuming that 
one or more catalytic agents are operatmg here as hatchmg enzymes, such 
enzymes must be extremely sensitive to temperature differences This is 
supported by the fact that the hatchmg penod lasts relatively only 
57 S per cent as long above 6° as it does below 6° Likewise, a high 
mortality of embryos at the hatchmg penod at high temperatures suggests 
an imbalance between Interactmg factors as affected by such temperatures 

snUMAav 

1 Whitefish eggs Incubated m aerated lake water at controlled tempera- 

tures of 0° , 0 J°, 2°, 4°, 6°, 8°, 10°, and 12°C , failed to hatch at either 0° 
or 12°C 0 6 per cent hatched ahve at 1CI°C , 72 67 per cent hatched ahve 

at 0 S°C , and an mtermediate proportion hatched at mtermediate tem- 
peratures 

2 The percentage of abnormal embryos which developed to the hatchmg 
stage vaned directly with temperature between 4° and 12°, all embryos 
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being abnormal at 12°C , but none were abnormal at either 0 5°, or 2°C 
Normal development predommated from 0 5 to 6°C The highest propor- 
tion of embryos to hatch ahve was 72 67 per cent at 0 5°C , which is, hence, 
the optimum temperature 

3 Total mcubation tune ranged from 29 6 days at 10°C to 141 days 
at 0 5°C 

4 The time (T) reqmred to attam any given stage of development is 
expressed in equations 


where temperature, t, is a negative exponent of the constant. A, whose value 
differs above or below 6°C , a critical temperature Values of A above 
6° fluctuate about 1 13, those of A below 6° fluctuate about 1 19 as a mean 

5 Appl 3 mg Arrhemus’ equation n values for the total mcubation penod 
are 27,500 below 6° and 27,100 above it 

6 The relative magnitude of A values of the exponential equation and 
/I values of Arrhemus’ equation show correspondmg changes from one 
developmental penod to another 

7 When plotted, thermal mcrements show cychc vanations, with maxima 
dunng penods of cleavage and of organogenesis These may mdicate the 
interaction of two separate sets of embryomc processes, which give a 
ma xim al response to temperature differences dunng these two separate 
penods 

8 Above 6°, values dunng the hatchmg process are distmct from those 
of developmental stages and are regarded as bemg due to the action of 
hatchmg enzymes 
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INTEODHCnON 

It has 1)6611 known since HerliUka’s work in 1912 that it is possible to 
prqiare colloidal solutions of chlorophyll by grinding plant tissue Lubi- 
menko (1927) found that some leaves {Funha and Asptdsstra genuses) gave 
on extraction with water clear stable green solutions which contained all 
the chlorophyll of the original leaf in combination with a protein Other 
leaves gave extracts which contained water soluble protem combmed 
chlorophyll but which were not stable, while still a third group of plants 
had the chlorophyll attached to an insoluble protem He showed that the 
protein-chlorophyll solutions had the same absorption bands as the hving 
leaf Mestre presented additional evidence that mdicated the occurrence 
of chlorophyll protein compounds In green plants Wald has measured 
the absorption curves and studied the protem properties of such solutions. 
StoU and Wiedermarm have made a careful study of the methods of prepara 
tion and the properties of these compounds, and Srmth has published an 
absorption curve and preliminary centrifugal studies of the protem-chloro- 
phyll solution extracted with digitahn from spbach mdicatmg a molecular 
weight of over 70,000 m solution with digitalin Inadental to the study 
of plant virus proteins Price and Wyckoff and Lonng, Osborn, and Wyckoff 
have prepared pure solutions showmg sharp sedimentatioa boundaries of 
the chlorophyll protem compounds from peas and beans Sedimentation 
constants of 77 X 10“", 117 X 10”“, and 54 X 10”“ were found 
These studies all tend to show that m the hvmg leaf chlorophyll occurs 
m combination with a protem much in the same way that hemm is attached 
to a protem forming hemoglobm The protem apparently vanes from 
speaes to speaes perhaps even more than does globm from different speaes 
of a nim als As Stoll and Wiedermarm as well as Srmth have pomted out, 
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an analogy may also be drawn to the respiratory enzymes which likewise 
contam a prosthetic group attached to a protem The chlorophyll-protein 
may be regarded as an enzyme of photosynthesis Eisler and Portheim pre- 
pared a chlorophyll-protem compound by addmg an alcohohc chlorophyll 
solution to serum diluted in water and to water extracts of colorless plants 
Dolk and van Veen also have made such solutions but do not confirm the 
other workers’ observations of an O 2 evolution from them m the hght 
Lubimenko (1921) suggested the probabihty of the photosynthetic 
bactena havmg their pigments in the form of a compound with a protem 
and Wurmser, Levy, and Teissier prepared a water soluble protem pigment 
compound from a speaes of purple bactena, Chromakum, and gave its 
absorption spectrum in the visible range Short notes on the present work 
have appeared (French, 1938 a and b) The importance of the study of 
means of preparation of these solutions from photosynthetic organisms 
and the mvestigation of their properties hes in the relation of such work 
to the not yet achieved preparation of photosynthetically active extracts 
The growth of knowledge of the process of fermentation after Buchner 
prepared active cell free extracts from yeast suggests that only when 
similar extracts with photosynthetic activity are available will the chemical 
study of the mechamsm of the photosynthetic reaction and isolation of 
the partiapatmg enzjmes be possible Although the extracts at present 
obtamable do not reduce COj nor evolve O 2 , they do act as photosensitizers 
for the oxidation of ascorbic aad as is descnbed below 
Stoll has named the chlorophyll-protem compound “chloroplastm ” 
However, as bactena and blue-green algae do not seem to have chloro- 
plasts, the pigment m these orgamsms occurrmg m solution m the proto- 
plasm, we prefer the more general name “photosynthm ” Smith, followmg 
Mestre’s termmology, calls the extract from spmach “phyllochlorm,” 
but this term usually refers to a specific denvative of chlorophyll 
After vanous attempts at obtammg the pigment complex of puiple 
bactena m the form of protem compounds by grmdmg (French, 1940), 
and lysis by freezmg we gave up these methods and turned to the well 
known supersomc vibration method for breakmg the cells (Chambers and 
Flosdorf) We have prepared bactenal photosynthm m crude solution by 
supersomc vibration of suspensions of bactena m water and have studied 
the absorption spectra and properties of the extracts from several species 
but have not yet been able to isolate the pure substances The preparation 
and properties of photosynthm, and the photosensitization of ascorbic 
aad oxidation by it, are discussed here, the absorption spectra are presented 
m the followmg paper 
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experimental 


Tht Bactena CuUures 


Pnre culturta of Strepiococcw, (RJiodopseuiUmwMs or Phatcmciuis), varians (strain* 
“original’ and “C 11”) Spirillum, {RAodosptriUum),rubnim (itnm 'S V’) , Rlusicmhno 
xp (strain Gafiron), and Phatcmcnax sp (strain Delft) were kindly given us tjy PrO' 
fcssor C B van Niel of the Hopkins Marine Station, Pacific Grove, California Thty 
were kept at stab cultures then grown for use m the foUowmg mediu m piade up in 
tap water 


NH^a 

KHjPO* 

MgCli 
NaHCOi 
Na malate 
Yeast extract (Difco) 


01 per cent 
0J)S percent 
0 02 per cent 
0 0S4 per cent 
0 075 per cent 
0^ percent 


Both CW<jreUa culture (Warburg 1919) and sterile bottles protected vrith an 
inverted beaker (Eymera and Waasink, 1938) were used for incubation at 35* m the 
li^t of several incandescent lamps The bacteria were centrifuged out of the mediu m 
and suspended In tap water, they were then cipoted to the high frequency vibration 


The VibreUton Apparatus 

The earlier eapenments were done with an oscDlator after designs of Professor G W 
Pierce constructed by Dr G R. Tatum which dellvtrs 1.3 amps- driving current at a 
frequency of 15 000 cycles per second using a water-cooled cup to bold the hqmd 
lAtcs a moro powerful oseSUtor was constpaeltd lor Proieisot Piewe by Dr Paul King 
which was kindly placed at our disposaL This was used at a frequency of 21,000 cycles 
per second and had a larger cup The usual output of the oscillttor into the activating 
cod of the magnetos tnetrve vftirator was 5 amps A current of 0 4 amps- D.C. paMcd 
throngh the magnetumg colL During the periods of exposure a stream of water at 
about 15*0 was forced into the nickel vibrator tube and came in contact with the under 
part of the 0 025 inch mond disc which formed the top of the tube and bottom of the 
glass cup which was attached with a thm walled rubber tube and held the bactena 
suipenrions, which were thus kept cooL The usual time of irradiation of a 10 cc. batch 
was 20 minutes which sufficed for practicaDy complete lyns. 

The Effects of Some Vibration on the Bactena 
When a suspension of bactena is eaqioscd to vibration in the cup it 
gradually becomes more transparent and the spotty appearance caused by 
swirling a suspension of uniformly shaped bactena disappears If then 
the mixture is centnfuged there is a very thin layer of blai substance on 
the very bottom of the tube, above this some white cellular debns collects 
and the hqmd above becomes clear, or m some cases slightly cloudy It is 
deep red or brown dependmg on the speaes of bactena- On standing, such 
solutions gradually become opalescent and eventually develop a preapitate 
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probably consisting of denatured protein The observed results of the 
vibration are beheved to be due merely to the rupture of the cell wall 
The effect of the vibration for various periods of tune on a suspension of 
Streptococcus vartans (Cll) is shown in Fig 1 where the amount of intact 
cells as judged by the pigment hberated, measured spectrophotometncally, 
IS compared with the remammg capacity to reduce carbon dioxide with 
gaseous hydrogen The latter was measured m Warburg manometers 
m 0 05 M KHCOa with 5 per cent COa m Ha m the gas space (French, 1937) 



Fig 1 A suspension of Streptococcus vartans (C 11) was treated with supersonic 
vibration and samples taken at various tunes The circles show the relative rate of 
photosynthesis of the different samples and the crosses give the fraction of the still 
intact cells 

Fig 2 The relative solubihty of photosynthm from SpinUntn rubnim m neutral 
solutions of (NHdaSOi of different concentrations 

Apparently the photosynthetic abihty decreases in proportion to the cell 
breakdown under these conditions It is to be hoped that further experi- 
ments will show conditions under which the photosynthetic activity is 
retained m spite of the cell destruction The extracts do have strong 
catalase activity, showmg that at least this enzyme is not destroyed by the 
vibration An attempt was made to use the Hj activating enzyme of B 
coh (Woods, 1936) m conjunction with the pigment of the purple bactena 
to reproduce the natural ceUs’ photosynthetic system Woods has fou^ 
that B coh grown on formate broth wiU catalyze the reaction Hi + CO- ^ 
HCOOH in either direction to the pomt of thermodynarmc equihbnum 
We have confirmed the uptake of H 2 and CO 2 by B coh However, m e 
attempt to obtam the enzymes m solution, it was found that under our 
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condibons of vibration an ejqxjsure of the cells for 2 minutes completely 
destroys the capaaty of a culture to carry on this process 

Properties of the Extracts 

The breakmg of the cell wall by supersomc vibration is beheved not to 
cause any very great changes m the composition of the cell jmce, so a 
description of the properties of this extract probably bears duectly on the 
question of the nature of the normal cells’ photosynthetic apparatus 
Concentrated suspensions give a solution so highly colored as to be nearly 
black. Cloudy preparations which sometimes occur may be made com- 
pletely dear by saturating the solution with urea. The extract is stable to 
alkah, it turns greenish and gives a preapitate on treatment with aads 
In concentrated HQ it gives a dear green solution with no sharp absorption 
bands m the visible region Heating several minutes produces only shght 
preapitation and a color change to dirty green which fades on boihng If 
the solution is shaken with petroleum ether, ethyl ether, or CSi the orgamc 
solvent layer remains colorless The addition of considerable quantities 
of methyl alcohol or acetone to the solution, followed by extraction with 
any of the above solvents, removes the pigments to the organic solvent 
and gives a preapitate of denatured protem 

The jince as prepared is of course a mixture of morgamc salts, orgamc 
substances, enzymes, and various proteins as well as photosynthin The 
colored photosynthm is completely preapitated by neutral (NHOjSOi at 
half saturation and will partially redissolve agam m water If more of the 
salt IS added to the supernatant Uqmd to produce full saturation a small 
amount of a colorless protein is obtajned. Half saturation with urea 
win prevent preapitation of the photosynthm by half saturated (NH4)jS0< 

The solution of photosynthm gives a negative test for tyrosme with 
Mnion’s reagent Both copper and lead salts produce a colored preapitate 
from which the ongmal colored solution cannot be regenerated by treat- 
ment with HiS 

Fullers’ earth acts as an adsorbent for the photosynthm from solutions 
below pH 9, and gives up the coloring matter m more alkahne solutions 
In a Tswett adsorption column fullers’ earth colors an even brown the 
whole length of a 5 cm column when the water extract is poured through it 
If the solution is diluted with phosphate buffer of pH 6 0 all the color is 
adsorbed m the first 1 5 cm After adsorption all the pigment can be 
washed through the column and recovered m solution by concentrated 
NBUOH. With CaCOi m the colunm there was very httle adsorption 
while with MgO the adsorption was complete In the first 3 mm So far 
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it has not yet been possible to get bands of different colors in a Tswett 
column 

The color of the extract corresponds to that of the cell suspension 
Thus, aerobically grown cultures of Streptococcus vanans are red, as are 
photosynthin solutions obtained therefrom, while extracts from cultures 
developed under anaerobic conditions are brown in agreement with the 
color of the cells (French, 1940) Attempts to change the color of the ex- 
tract of either the brown anaerobic or red aerobically grown Streptococcus 
vanans (orig ) by reduction with colloidal Pd and Ho or with Na hydrosulhte 
were not successful Treatment with dilute H 0 O 2 at room temperature 
gave no color change either, but O 2 was evolved showing the presence of an 
enzyme with catalase activity ^ Warmmg in a 10 per cent solution of 
HoOs produces complete bleaching 

At the suggestion of Professor E J Cohn some of the extract of Strepto- 
coccus vanans (ong ) was dialyzed a long time m cellophane sausage skins 
against acetate buffers of pH 4 0, 4 5, 5 0, and 5 5 each m concentrations 
of 2 0, 0 2, and 0 02 m All the pH 4 0 solutions gave a grayish brown 
preapitate, leaving no color in solution At pH 4 5 the preapitate was 
less altered in color but agam left no pigment m the solution At pH S 0 
there was still no dissolved pigment but the color of the preapitate ap- 
proached more completely the shade of the onginal solution At pH 5 5 
some pigment remamed m the 2 0 m solution and nearly all stayed dissolved 
m the 0 02 M buffer All the preapitates were amorphous on microscopical 
exammation 

To see if the photosynthm could be separated from other proteins by 
(NH 4 ) 2 S 04 fractionation, an experiment was made with the extract of 
Spinlhm rubruin The protem content of 1 cc was found to be 41 3 
(duphcate 37 2) mg by preapitation with 10 per cent tnchloracetic aad 
and collection of the preapitate on a sintered glass Gooch cruable The 
absorption of this solution was measured at 875 m/Ji and the coefBaent found 
to be 2 64 cc /mg /cm 5 cc werepreapitated with 0 5 saturated (NH4 )jS 04 
and the preapitate redissolved The absorption and protem content of 
this solution were measured, and the preapitation repeated with 0 3, 0 2, 
and 0 1 saturated (NH4)2S04, giving the results summanzed m Table I 

Since there is no apparent separation into fractions of either greater or 
less absorption per milligram of protein we may conclude that the various 
protems present are not easily separable by salt precipitation at least at 
neutrahty It may of course be that the photosynthm constitutes the 

1 These expenments were done with Professor A B Hastings 
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major part ot the total protein present in -which case httle or no separation 
would be evident by this procedure 

The solution havmg an extmcbon cneffiaentof 2 64cc./ing /cm.at875mp 
18 equivalent to 19 8 mg /I bactenophaeophtm, » « , about 2 X ICh* u 
It contains 41^ mg protem per cc Assuming arbitrarily a molecular 
weight of 70,000 it -would be about 5 9 X 10-* u m respect to protem 
Thus m this particular solubon the molecular rabo of green pigment to 
protem on the basis of the above assumpbon would be of the order ot 1 
to 30 

The relabve solubihty of the colored photosynthm m (NBU)iSOi solubons 
of -varymg concentrabon -was detennmed by makmg solubons contammg 
different amounts of salt but the same amount of extract of SptrtUum 

TABLE I 

AtUmpled FracSitmcdtm ef Photosynlkin 

Absorption cocffiacnt at 875 tnp per mg protein in water aolubon after Hicccasive 
praoipitations with (NHihSOi aolntiont 


(KB 4 HSO 4 coDCCBtrmtkQ ued for prvdplUCkut ' 

co«,ffickot ol rtdlMoWtd pliotoootlila 

ptr caU 



0 

2 64 

50 

2 74 

30 

2 S4 

20 

2 52 

10 

2 76 


rubrum The solubons were centrifuged to remove the insoluble material 
and the supernatant hqmds compared colorunetncally -with the solubon 
contdning no (Nlli)tSOi Fig 2 sho-ws the results of this experiment 
It must be realized that the presence of other proteins which imght carry 
down photosynthm by adsorpbon may distort both this and the follo-wmg 
curve tor the effect of pH on the solubOity However, the fracbonabon 
experiment above suggests that the major part of the protem present is 
the one -which funebons as a carnet of the pigments This mnlrpg the 
possibihty of adsorpbon a less probable objeebon to considermg these 
curves as descnbmg the properties of the chermcally pure photosynthin 
Itself 

Buffers of glycme-HCl, acetate, and phosphate were used for the measure- 
ment ot solubility of SptrtUum rubrum photosynthm -which -was detennmed 
colorunetncally at vanous pH -values The results are presented m Fig 3 
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it has not yet been possible to get bands of different colors m a Tswett 
column 

The color of the extract corresponds to that of the ceU suspension 
Thus, aerobically grown cultures of Streptococcus vartans are red, as are 
photosynthm solutions obtained therefrom, while extracts from cultures 
developed under anaerobic conditions are brown m agreement with the 
color of the cells (French, 1940) Attempts to change the color of the ex- 
tract of either the brown anaerobic or red aerobically grown Streptococcus 
vartaiis (orig ) by reduction with colloidal Pd and Hj or with Na hydrosulfite 
were not successful Treatment with dilute H 2 O 2 at room temperature 
gave no color change either, but O 2 was evolved showmg the presence of an 
enzyme with catalase activity ^ Warmmg m a 10 per cent solution of 
H 2 O 2 produces complete bleachmg 

At the suggestion of Professor E J Cohn some of the extract of Strepto- 
coccus vartans (ong ) was dialyzed a long time m cellophane sausage skms 
agamst acetate buffers of pH 4 0, 4 5, 5 0, and 5 5 each in concentrations 
of 2 0, 0 2, and 0 02 m All the pH 4 0 solutions gave a grayish brown 
preapitate, leavmg no color m solution At pH 4 5 the precipitate was 
less altered in color but agam left no pigment m the solution At pH 5 0 
there was still no dissolved pigment but the color of the precipitate ap- 
proached more completely the shade of the ongmal solution At pH 5 5 
some pigment remamed m the 2 0m solution and nearly all stayed dissolved 
m the 0 02 M buffer All the preapitates were amorphous on microscopical 
examination 

To see if the photosynthm could be separated from other protems by 
(NH 4 ) 2 S 04 fractionation, an experiment was made with the extract of 
Sptnllum ruhrum The protem content of 1 cc was found to be 41 3 
(duphcate 37 2) mg by preapitation with 10 per cent tnchloracetic aad 
and collection of the precipitate on a smtered glass Gooch cruable The 
absorption of this solution was measured at 875 m/i and the coefihcient found 
to be 2 64 cc /mg /cm 5 cc were precipitated with 0 5 saturated (NH<) 2 S 04 
and the preapitate redissolved The absorption and protem content of 
this solution were measured, and the preapitation repeated with 0 3, 0 2, 
and 0 1 saturated (NH 4 ) 2 S 04 , givmg the results summanzed m Table I 

Since there is no apparent separation mto fractions of either greater or 
less absorption per rmihgram of protem we may conclude that the vanous 
protems present are not easily separable by salt precipitation at least at 
neutrahty It may of course be that the photosynthm constitutes the 

^ These experiments were done with Professor A B Hastings 
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Ethyl chlorophyllid in acetone Bolution has been found by Gaffron to be 
a photosensitizer for the ondabon of an easily ondizable substance, 
allyl thiourea, by dissolved oxygen The quantum yield of this reaction 
he found to be 1 0 over the range 655-436 mju It is possible that this 
property of chlorophyll of photosensitmng an otherwise fairly stable 
system may be related to the parbapation of that substance m the photo 
synthetic reduction of COi 

An analogous situation was found with water solutions of the cell free 
bactena juice. Ascorbic aad was used as the Oj acceptor for the expen- 
ment shown m Table II It is evident that the ascorbic aad vtiU not act 
as a reducmg substance for CO* reduction by the illuminated pigment but 
IS susceptible to sensitized photondation by air That the presence of 


TABLE n 


PlMtcxidathn ej Asanhc Aad 


Rectangular vessd V — 18,37 cc. 

Light 40 watt showcEsc bulb at 0 J cm 

Liquid 05 cc. Slreplococcus variant (ong) extract (556 per cent sohds) 

0 7 cc. 05 u KHCOi 

1 8 cc. water 


20 0 mg ascorbic aad 
Temperature 23 4‘’C 
Gas 5 per cent COi/Kt 

mm /5 mm 

Dark -1 

lA^t 0 


5 per cent COj/air 
rrm /5 min, 

-2 

-12 


COx 13 unnecessary is shown by Table ITT. The spontaneous oxidation 
of ascorbic aad is sensitive to Cu catalysis (Stotz, Harrer, and King) 
Light does not, however, influence the rate of this Cu-catalyzed oxidation 
accordmg to the results of a qfieafically designed control eiqienment 
Similar photosensitizations of ascorbic aad oxidation have been reported 
by Martini for lactoflavme and methylene blue (cf Hopkins and nlsn 
Hand, Guthne, and Sharp) Puckowitr has recently found that extracts 
of spmach will act m much the same way as do our solutions also with an 
apparently low quantum yield 

• Measurements were made of the rate of the photochemical reaction in 
different spectral regions with hght from a 500 watt mcandescent bulb set 
up with a silvered watch glass reflector and an f 1 condenser lens throwing 
the beam on a concave microscope mirror placed in the thermostat water 
This threw an oblong image of the condenser lens on the bottom of the 
rectangular vessel. Three times the photodieimcal effect was produced 
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Photoooidahon by the Cell Extracts 

It has already been stated that the photosynthin solutions obtamed 
from vanous cultures of purple bactena do not display the normal photo- 
synthetic activity of the mtact cells An experiment was tried with the 
extracted purple bactena jmce in which was suspended hve B coli in 




Fig 3 The relative solubihty of Sptnlhim rubnim photosynthin in m/ 15 phosphate 
buffers at various pH values 

Fig 4 The rate of the photochemical oxidation of ascorbic acid by Riiodovibrio 
sp photosynthin is proportional to the hgfat mtensity The rate of reaction in the 
brightest hght decreased from 26 to IS c mm /lO mm durmg the course of the experi- 
ment (4 hours), so each pomt has been multiphed by a factor to correct for this change 
The pomt marked with a cross was measured with O 2 m the gas space Va = 11 31 cc , 
7 ^ = 7 0 cc , pH 6 0, 1 cc pigment, temperature = 24 4°C 

the hope of usmg the coh enzymes to activate the molecular Hj, while the 
pigment caused CO2 reduction by the activated H2 No difference in rate 
of H2 + CO2 uptake was, however, observed m the hght and in the dark 
These observations thus agree with the negative results of attempts to 
obtain photosynthetically active extracts from green plants 

The bactenal extracts also fail to show the presence of enzymes activating 
the oxy-hydrogen reaction The above mentioned destruction of the 
enzyme of B coh by exposure to supersomc waves would fit in with the 
supposition that the hydrogen activatmg system is relatively unstable 
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by this arrangement as by a long 40 watt frosted show case lamp about 0^ 
cm below the vesseL Filters were placed m the beam as desired The 
results of this experiment are summanied m Table IV At the position of 
TninimiiTin absorption, 6S0 mp, the absorption of the solution as used m the 
vessel was 68 per cent, at all other wave lengths the solubon absorbed 
more strongly This experiment shows that both the near infrared region 
and the visible region are capable of acUon, thus ruhng out the possibihty 
of the effect bemg solely due to some other pigment than the infrared 
absorbmg photosynthm 

Another experiment with this fllumination arrangement and neutral 
filters made by diluting India mk with water and calibrabng the solufaons 
spectrophotometncally showed approximate proportionahty between hght 
mtensity and rate of reacbon corrected for both dark reacbon and decrease 
of the rate in bright light with tune Up to the lirmt of light Bitensity 
obtamable with this apparatus there is direct proporbonahty between the 
mtensity and the rate of photocheimcal acbon as shown m Fig 4. With 
Oi instead of air the rate of the oxidabon m the dark was raised from 2 J 
to 10^ c.mm 0» per 10 minutes but the rate of photoxidation corrected 
for the thermal reacbon rose only from 15 m air to 25 c mm. Oj per 10 
minutes m Oi 


mscossioN 

The results here reported are of significance m that they contribute 
to the knowledge of the behavior of one consbtuent of the ceDs’ photo- 
synthebc system Here we are dealing presumably with the pigment 
under the same conditions as it exists in the hve cells However, the other 
consbtuents of the system, enzymes, and possibly mtermediate products, 
are evidently desboyed or diluted to such an extent that their activity 
18 no longer measurable after this eitracbon process There is of course 
the pos^ihty that destruebon of the cell structure or disturbances m the 
relabon of various cell parts to each other destroy the photosynthebc 
capacity, although the substances takmg part m the reacbon are unaltered 
and stiH present m solubon 

In the detemunatlon of quantum yields of photosynthesis it is necessary 
to measure the fracbon of the mddent hght absorbed by the pigment 
m the cells The cell wall scatters a good deal of hght (French, 1937) 
espeaally m the visible spectrum, thus compheabug measurement of the 
truly absorbed portion winch controls the metabolic acbvity The quan 
btabve extraction of the pigment from the cells by the supersomc treatment 
described here gives better means of determmmg the hght absorbed by the 
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TABLE m 


Conical vessel 


Pholoxtdaltoit of Ascorhc Acid 


Mam space 


Inset 
Side arm 
Light 
Gas 

Temperature 


2 00 cc phosphate buffer pH 7 0 m/15 > 

0 5 cc Rlwdombno extract logjo ~ >= 560 

I 855 m^u 

0 2 cc 5 per cent KOH 
17 0 mg ascorbic aad 

500 watt projection bulb with f 1 condenser and reflector 
Air 

24 7°C 


Tune 

JUumination 

Oj sbsorbed 

tnin 


cjnm 

10 

Light 

0 

10 

Dark 

0 


Ascorbic aad added from side arm 


20 

Dark 

0 

40 

Light 

34 

60 

Dark 

1 7 


TABLE rv 


Photosensihzaiion of Ascorbic Acid Oxidation by Bacterial Extract in Different Spectral 

Regions 


Rectangular 

Liquid 


Vessel V •= 18 09 cc 
6 00 cc phosphate buffer m/15 pH 

Id 

1 00 cc Rlwdombno extract logic — 


7 0 (pH with ascorbic acid 
1 cm 

= 560 

855 mu 


4 4) 


50 mg ascorbic aad 

Light 500 watt projection bulb with f 1 condenser and reflector 

Light path m water = 27 cm 
Gas Air 

Temperature 24 4°C 


Wave length region 

Filler 

Rate of Oj uptake 



c mm llO min 

920-400 

None 

—34 

920-600 1 

Wratten No 29 

— 13 

920-650 

Wratten No 70 

— 13 

920-800 

Wratten No 70, No 74 

—4 

800-400 

3 2 cm saturated FeSOi in 10 per cent HjSOi 

— 13 

650-400 

Dark 

3 2 cm 5 per cent CUSO 4 

— 10 
-1 1 
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144 

szi 

kpi 

slat 

tp 

loct 

Bib 

[BfC 

(tiik 

aiil 

a4i: 

iai> 

ibjii 

lIsfO 

BSB3 



ipS^ 


4T< 

li< 


the xiae of the vibration equipment and Dre G U* Tatum, Atherton Noyes, 
and Paul Kmg for their kind assistance, Professors Otto Warbm-g, A, B 
Hastings, and James Franck for many valuable suggestions 
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pigment alone m a suspension of bacteria, smce the absorption of the 
pigment may be measured m a clear solution It would also be extremely 
important to study the extracts of blue-green algae which have the photo- 
synthm dissolved m the protoplasm rather than m the sohd structure of 
chloroplasts 

The startmg pomt for this work was the desire to isolate the photo- 
synthm m chemically pure form and to determme its composition as to 
pigment, protem, metals, and other possible constituents such as ether 
soluble fractions and carbohydrates The completion of this program 
would mvolve work on a larger scale than has yet been attempted A 
detenmnation of the molecular weight by the ultracentnfuge would be 
mterestmg and centrifugal studies are necessary to confirm the present idea 
that the two t)^es of pigment, bacteno chlorophyll and carotmoids, are 
attached to the same protem molecule This conception is based on the 
facts that fractionation of the extract with (NH 4 )sS 04 solution or by aad 
precipitation does not produce fractions of different colors, and that such 
fractionation has also been impossible either by adsorption on a Tswett 
column or by spreadmg on filter paper A few prehmmary experiments 
with the addition of acetone or methyl alcohol to the cold solution of photo- 
synthin imder ether with the hope of removmg either of the pigments from 
the protem and then makmg it recombme by evaporation of the ether were 
not successful but should be contmued 

SUMMARY 

1 Photosynthetic bactena m water suspension break open when treated 
with supersomc vibration thus hberatmg the cell contents, mdudmg a 
water soluble protem to which is attached the otherwise water msoluble 
pigments, bactenochlorophyll and carotmoids Both types of pigments 
appear to be combined with the same protem 

2 The protem pigment compoimd is msoluble in the region of pH 3 0 
to 4 5 and m neutral solution can be completely precipitated by 0 5 satu- 
rated (NH 4 ) 2 S 04 It IS soluble m distiUed water and adsorbable on 
fullers’ earth 

3 Supersomc extracts of photosynthetic bactena do not have the 
abihty to carry on photosynthesis, but will act as a photocatalyst for the 
oxidation of ascorbic aad with visible or mfrared radiation The rate of 
the photochemical oxidation is proportional to the hght mtensity 

It IS a pleasure to thank Professor C B van Niel for the pure cultures of 
the bactena and his help with the mauuscnpt, Professor G W Pierce for 
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introduction 

In a previous paper (Frendi, 1940a) tie culture of the photosynthetic 
purple bacteria and the treatment of the bacteria with aupersomc vibrabon 
to obtain solufaons of their water soluble protein pigment compounds was 
described Spectral absorpbon curves have been made m the visible and 
near mfrared of pbotosynthin solubons obtained from four different speaes 
of bactena 

Eitracbon of the pigments by organic solvents changes the posibon of 
then absorpbon bands in the spectrum (van Niel and Smith, 1935, French, 
1937) but eitracbon of the photosynthin from the cells without deatruebon 
of the pigment protein complex leaves the absorpbon bands m the same 
posibon and with the same absolute height This indicates that m these 
extracts the substance with which we are dealing is the same or at least 
not greatly different from the photocatalyst as it acts in the process of 
photosynthesis m the hvmg material From the eiaminataon of the 
vi^le and infrared absorpbon spectra of four speaes of bactena we find 
evidence for the existence of three different types of photosynthm 

expehiuental 

SpectropJioUmeler Construdton 

A Hilger 90* constant deviation spectroscope with a dense flint glass pnsm which 
had a dram wave length scale reading to 800 nyx was made into a monochromator by 
fitting an exit iht from another similar instrument in place of the ^epiecc In order 
to make it usable farther out toward the infrared the pnsm was ahilted in relation to 
the wave length scale which was then recalibrated m the viiiblc region with thirty lines 
from mercury argon helium copper krypton and sodium spectra In the region 
from 800 to 1 000 m^x the calibration was done photographically as follows. A mercury 
arc was set up m front of the entrance sht and the green 546 1 mn hne set exactly on 
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resistance* For the approxunate ndjuttment of the latter a tnilhammetef wa* thrown 
into the circuit In place of the much more sensitive galvanometer The colhmator tube 
projected mto a hght tight grounded metal box containing the absorption vessel rack, 
photocell, and amplifier The filament battery was enclosed In a separate metal box 
connected with a Welded cable. The galvanometer leads were shielded and the mono- 
chromator grounded- In order to reduce the dnft, which was nevertheless troublesome, 
the tube was heated continuously day and nl^t except when charging the battery 
Appreodmate widths of the spectral region (taken as twice the sht width) Isolated by 
the monodiromator necessary to give 100 mm. galvanometer deflection at different 
wave lengths and the dispcriion of the mstniment are shown m Table I "WTien working 
in the infrared, Wratten filter No 70 or No 29 was used to remove visible scattered 
light StiU more Important, due to the mfrared sensitivity of the photocell, was a 
filter of 2 cm, of S per cent CuSOi m water for absorption of stray infrared when working 
m the visible spectrum. 


TABLE I 

SptdrophoiomdtT Ckaraderuttcs 


Weve koftli 

width of fautd InUUd fay 

0.1 ma. till 

1 fatnd width for lOO njD 

f&lrtiuxottcr dfdfcUfin 




450 

0 ss 

5 5 

500 

0 80 

40 

600 

1 4 

1 2 5 

700 

2 1 

1 ^ ’ 

800 

3 1 

2 8 

900 

4 7 

[ ^ ^ 

950 

5 8 

8 6 


The linearity of galvanometer deflection with light Intensity at the pbotocdl was 
checked by mcasunng the cxtmction coefficient of a piece of green glass with a Koenig 
Martens 'sdsual ipectropbotometer at 580 and 560 m^ and at the same wa\’e lengths 
with the photoelectric spectrophotometer Weakening a beam from 100 to 30 9 or to 
16 9 on the basis of visual measurements gave respectively 283 and 173 with the 
photocdl system which was considered to be a satisfactory check 

11 7o be the galvanometer deflection for a given wave length with the control vessel 
of solvent In the hght path and / the deflection with the vessel containmg the solutKm, 

then the extinction, JS is given by E — logi* j — Kcd where K is the qieafic absorption 

coefficient at wave length X c U the concentration of the absorbing substance, and d 
IS the thickness of the cell (1 cm.) 

Since the photosynthln has not been isolated as a pure substance we cannot deter 
mine absolute Values for K 

Procedure and ResuUs 

Several otracts were made at different times from Spirillum rubrum 
(atram SI) and the absorption curves of these solubons are presented m 
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the entrance sht by adjusting the wave length drum The collimator tube and exit 
sht assembly was removed and replaced with a camera Without disturbing the drum 
settmg the camera was adjusted to focus the green hne on the plate 

An exposure was made of the mercury spectrum on an Eastman IQ infrared plate 
sensitized with Without movmg the plate the drum was rotated to bring 

the near infrared region on to the approxunate spot occupied by the green hne and an 
exposure of a cesium spectrum made overlappmg the mercury spectrum Cesium 
bromide m the hollow of a carbon arc was used as a source The scale readmg was 
recorded and shifted to another position and the exposure of the cesium spectrum re- 
peated on a fresh part of the plate The drum was turned back to the spot which 
placed the green mercury hne in its previous position and that spectrum was super- 
imposed on the second cesium exposure This process was repeated giving five different 
positions of the cesium spectrum superimposed on one position of the mercury spectrum, 

the green hne of which mdicated the 
exact place taken by the sht The 
plate was developed and the distance 
from the green hne to the cesium 
hnes 852 1, 894 4, and 917 2 mp 
measured with a micrometer micro- 
scope Large plots were made of 
the wave length scale readmg against 
micrometer scale readmg for each 
hne and the value which would put 
the hne m question on the green 
mercury hne and hence on the sht 
was determined by mterpolation 
Another plate was made sumlarly 
usmg the 793 3 hne of copper as a 
reference hne and argon 811 5, 912 4, 
and 965 9 m/x for the cahbration 
Fig 1 Photocell arrangement The mercury 1014 0 mju hne was also 

used After this procedure the colh- 
mator tube with the sht was replaced and several visible hnes checked The photo- 
graphic cahbrations from 811 5 to 1014 0 raft and the visible hnes 809 3 to 404 7 mp 
gave a continuous smooth curve from which the scale readmg for every 10 mp was 
tabulated 

The image of a six volt 1,000 lumen smgle straight coil filament lamp was focused 
on the entrance sht of the monochromator with a 10 cm focal length lens After 
emergmg from the second sht the hght passed through the parallel sided glass absorption 
vessel of 1 cm thickness contammg the solution to be measured It was ananged so 
that a similar vessel contammg the solvent alone could be mterchanged by means of a 
shding rack Directly behmd the absorption vessel was a vacuum cesium photocell, 
R. C A No 922 arranged as shown m Fig 1 

The current from this cell was amplified with a smgle tube circuit usmg a 6JS tube 
and read on a Leeds and Northrup wall galvanometer of approximate sensitivity of 
4,000 mm per pa The dark current was balanced out with a battery and vanab e 
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of coW methyl alcohol. In this 90 per cent methyl alcohol the red pigment and the 
protein b Insoluble TThde the green pigment dusolves The precipitated protein iras 
centrifuged down and waahed m the dark with cold 90 per cent methyl alcohol The 



Fio 3 Absorplbn curve of bactenophaeophytm kindly given os by C B vin Nicl 
It was prepared from Spiniltm rubnim Vtaal determinaticms are shown by (o) and 
photodectnc ones by (x) and (A) Two samples gave 28 J and 28 0 X 10~* for K 
at 830 mu in the equation 

logs ^ — Kcd where c is in mg /I and d In cm. 

methyl alcohol solution and washings were combmed and poured Into cold ether Four 
washings in the dark with cold water removed the methyl alcohol from the ether solution 
of bactenodilorophyll which was then shaken with 20 cc, of 10 per cent HQ to tom 
the btctenochloroph>ll into bacteriophieophytln which is rather stable to light. The 
water layer remained colorless- The ether solution was wished with water to remove 
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Fig 2 Both saturated urea and dilute were a great help m 

clarifying opalescent solutions but did not influence the position or height 
of the absorption bands Occasionally a perfectly clear extract was ob- 
tained directly in water but the absorption curves were made m filtered 
saturated urea solution to avoid hght scattering m the shorter wave lengths 
In order to determine the relative numbers of molecules of the green 
bactenochlorophyll and the red spmlloxanthm m the cell jmce the two 
pigments were separated by orgamc solvents Using a sample of pure 
bactenophaeophytm kmdiy supphed by Professor C B van Niel as a 



Fig 2 Absorption curve of Spinlhm nibrum extract Open cucles diluted with 
NH 4 OH, solid circles diluted with saturated urea solution, squares diluted with water, 
visual determinations The curves are based upon data obtamed with different extracts 
and have been brought together by usmg the appropriate factors The slit width is 
shown by bars at the bottom of the figure 

standard, the amoimt of this pigment present was determmed by absorp- 
tion measurements m chloroform The absorption curve of this substance 
was measured and is shown m Fig 3 The absorption of the spinlloxanthin 
was measured m CSz and the concentration of pigment present taken from 
the data of van Niel and Smith 

The procedure used m the pigment concentration measurements having 
unfortunately been earned out before the pubhcation of van Niel and 
Arnold’s method was as follows 

BadenocMorophyll Ddermtnahoii — ^In the dark 2 55 cc of cold Spirillum rubriim 
extract prepared from a suspension contammg 30 c mm cells/cc were added to 22 5 cc. 
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of cold methyl elcohoL In this 90 per cent methyl alcohol the red pigment and the 
protein is insoluble while the green pigment dissolves. Hic precipitated protem was 
centrifuged down and washed in the dark with cold 90 per cent methid alcohol The 



Fio 3 Absorption curve of bactenophieophytin Undly given ui by C. B van Nlel 
It ms prepared from SptriUtm rvbnm Visual determinations arc ahoTro by (o) and 
photoclectnc ones by (x) and (A) Two tamples gave 2B3 and 28 0 X for K 
at 530 mil In the equation 


logni* 


Kcd Trherc c is In mg /I and d in cm 


methyl alcohol solution and washings were combined and poured into cold ether Four 
washings m the dark with cc^d water removed the methyl alcohol from the ether solution 
of bactenochlorophyll which was then shaken with 20 a:, of 10 per cent HCl to turn 
the bacteriochlorophyH Into bactcri«qihaeophytm which is rather stable to light The 
water layer remained colorless. The ether solution was washed with water to remove 
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HQ aUowed to stand over two batches of CaQj to remove water, then evaporated 
on the steam bath The residue of bactenophaeophytm was taken up m 4 1 cc of 
chloroform This solution showed a yellower tmge than a solution of pure bacteno- 
chlorophyll probably due to a trace of spiriUoxanthm dissolving in the 90 per cent 

methyl alcohol At 530 mp the extinction, logio y of 1 cm of this solution was 0340 

From Fig 3 the absorption coefficient of a solution of pure bacteriochlorophyll from 
this same stram of bactena is 28 2 X 10-^ at 530 mp, that is 

logioy 282 X10-*cd 


with c in mg /I and d m cm Usmg this constant for the determination of the con- 
centration of the pigment m solution 

the original solution then contamed 

41 

— X 12 05 = 198mg/l 

Jt o 


Assuming a molecular weight of 990 for bactenophaeophytm. 


19 8 
990,000 


2 00 X 10-‘m 


SptnlloxanlJim Deiertntnalton — 2 cc of the bactenal extract were shaken with CSj 
The CSz remamed colorless Acetone was added to denature the protem and hberate 
the pigment, then the mixture was shaken More water was added and the CS 2 which 
separated after centnfugmg contained all the red pigment The CSj was made up to a 
volume of 20 8 cc and the absorption at 530 mp measured with a Koemg-Martens 

spectrophotometer For a I cm layer logw j = 0 35 Van Niel and Smith give 14 8 

X 10^ as the molecular absorption coeffiaent at 530 mp m CSj of pure spiriUoxanthin 
prepared from this stram of bactena Usmg this value to determme the concentration 

of our CS 2 solution, * = <5 X m For the concentration of the 

spirilloxanthm m the extract c = ^ X 2 36 X 10-» = 246 X = 2 46 X 10-‘ m. 

In our supersomc extract of Spirillum rubrum then 

Concentration of bacteriochlorophyll ^ 2 00 X 10~‘ ^ q 
C oncentration of spinlloxanthin 2 46 X 10“' 

In Fig 4 IS shown the absorption curve of a supersomc extract of EJiodo- 
vibrw sp (RJiodobactllus) (stram Gaffron) m saturated urea solution 
Open circles are pomts obtained photoelectncaUy while the closed circles 
were obtamed with the Koemg-Martens instrument on the same solution 




Fio 4. Absorption curve of RhodonMo sp (strain Gaffron) extract m saturated 
urea eolation. Visual measurements are shown by dosed drdea and pbotoelectnc 
ones by open ordes. 



Fig S Absorption curve of FAaecwjortar rA (strain Delft) extract in saturated urea 
solution. 


4fi9 
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A water supersonic extract was also made of Phaeomoims (P/iaeobaallus) 
sp (strain Delft) and was similarly diluted with saturated urea for absorp- 
tion measurements The curve of Fig 5 is for this species 
An absorption curve was made of a water extract of aerobically grown 
brown Streptococcus vanans (stram Cll) diluted with saturated urea and 
is given m Fig 6 

With a spectrocolonmeter a supersomc extract was compared with a 
suspension of hvmg bactena In the visible spectrum the absorption 



Fig 6 Absorption curve of cell jmce of brown anaerobic Streptococcus vanans 
(strain Cll) Triangles and crosses are photoelectnc measurements with two different 
solutions The circles are visual measurements with a third solution The dots 
and crosses were brought to the height of the circles by usmg conversion factors, the 

concentrations were unknown At 855 m;u logic j = 6 4 X 10“^® cd where d is in cm 
and n is m number of cells/cc , or logic = 0 26 cd where c is in c mm cells/cc 

bands are m the same position both m the hve bactena and m the extracts 
In order to extend this observation to the infrared bands and to find if the 
bands changed either m position or m height the followmg experiment was 
made with Streptococcus vanaiis (Cll) In each of two test tubes 10 cc 
of a bactenal suspension were placed One was diluted with 10 cc of 
water and the other with 5 cc of 30 per cent H 2 O 2 The tube wuth HiOi 
was then warmed to 60°C to bleach the pigments After a few minutes 
another 5 cc portion of the H 2 O 2 was added This treatment gave color- 
less bactena to use as a hght scattermg control for pigment absorption 
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measvirements mtli tie other batch of unbleached cells The suspensions 
were diluted and placed in two 1 cm absorphon vessels and flluminated 
with monochromabc hght m the spectrophotometer As the photocell 
was directly behind the vessels and of considerably larger area than the 
cross section of the h^t beam practically all of the light scattered by these 
suspensions fell on the photocell as indicated m Fig 1 I was taken as the 
galvanometer deflection with the normal bactena suspension and Jo as the 
deflection at the same wave length with the bleached suspension m place 
In this way an infrared absorpbon curve of the pigment m ntu was ob- 


tained approximately corrected for 
light scattenng by the bactena 
Some of the normal suspension 
was then treated with supersomc 
vibration hberating the pigment 
from the cells The centrifuged 
cell free pigment solution was 
diluted with saturated urea and 
an absorption curve made of this 
extracted pigment as usual The 
two curves of Fig 7 agree well as 
to the position of the absorption 
bands and fairly well as to their 
relative heights It is therefore to 
be concluded that the supersomc 
extraction does not change the 
condition of the pigment as much 
as does extraction with orgamc 
solvents which causes large shifts 
in the position of the bands 
On one occasion a curve was 



Flo 7 The absorption curve of the 
extracted pigment dotted hne, as compared 
with the absorption of the pigment In live 
cells of SlrepiooKcux rarians (stram Cll) 


made of a Streptococcus vanarts (Cll) extract m the mfrared region which 


was identical with the curve of Fig 6 After standing overnight m the 
spectrophotometer vessel the measurements were repeated in the mornmg 
The large band at &55 mfi was m the same position though lower by about 
10 per cent Strangely, however, there was no trace of the smaller 795 


mp band This disappearance of one band without change in the other 
suggests that the two are due either to different molecules or to widely 
separated groups of the same molecule A concentrated solution which 


had also stood overmght exposed to air retamed both bands. Smcc the 
addition of small amounts of HiOi or of Na hydrosulfite does not produce 
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TABLE n 

The Height of the Absorption Bands and the Per Cent of Solid Matter in a Supersonic 

Extract of Streptococcus vanans (Qng ) 



SoUds 

Absorption per ihb 
at 5S5 m/i 


fer cent 

cc 



mt X cm 

Extract as prepared 

5 56 

0 340 

Extract after dialysis 

4 33 

0 396 

Extract after precipitation, partial redissolving, and 



dialysis 

S 90 

0 535 


TABLE m 


Absorption Bands of Live Cells and Water Extracts of Various Purple Bacteria 


Species 


Bacleriochloropbyll bands 

Carotlnoid bands 



a 


r 

A 

« 

a 


7 

A 

SptnUum rubrum 

Wave length 

950 

875 

795 

590 


550 

510 

480 


(SI) water extract 

Relative height 

0 022 

1 00 

0 16 

0 18 

? 

0 32 

0 37 

0 30 

? 

*Sptnlltm rubntpt 

Wave length 


880 

800 

590 

420 

550 

515 

490 

? 

(SI) hve cells 











Ehodombno sp 

Wave length 


855 

800 

590 

? 

530 

500 

460 


(Gaffron) water ex- 

Relative height 


1 00 

0 65 

0 27 

? 

0 40 

0 46 

0 38 

? 

tract 1 











Phaeomonas sp 

Wave length 


840 

790 

590 



510 

470 


(Delft) water extract 

Relative height 


1 00 

0 59 

0 28 

? 


0 73 

0 85 

? 

^Streptococcus vanans 

Wave length 




590 


550 

505 

475 

450 

(ong) (red) water 

Relative height 




0 28 

? 

0 66 

0 92 

1 00 

0 96 

extract 











^Streptococcus vanans 

Wave length 


1 


590 



505 

1 475 

450 

(ong ) (brown) 

Relative height 




0 27 

? 


0 81 

1 00 

0 43 

water extract 











Streptococcus vanans 

Wave length 


855 

795 

590 



510 

480 

450 

(Cll) (brown) water 

Relative height 


1 00 

0 42 

0 19 

? 


0 40 

0 46 

0 43 

extract 











Streptococcus vanans 











(Cll) hve cells 











Photoelectnc 

Wave length 

950 

855 

795 

590 

? 


510 

480 

? 

Photographic 

Wave length 


860 

800 

(Visual) 


j(Visual)| 

(Visual) 

— - 


* French, 1937 
t French, 1940& 

? Not looked for 


any change m the color or the infrared band heights the disappearance o 
the 795 band was not due to an easy oxidation or reduction 
As the photosynthm has not yet been isolated it is possible to give the ^ 
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heights of file absoiption fiands only m relative units For one speaes, 
Slrepiococcui mnans (ong ), the height of the visible band with a max i m u m 
at S8S was determined on the basis of dry weight of the extract, 
3 hteis of yeast extract medium contaming 0 05 M KHCOi gave about 
10 cc. of a pasty cell suspension on centnfugmg From this was obtamed 
by supcrsomc irradiatiou and centnfugmg 7 cc. of clear dark brown liquid. 
One part of the solubon was dned over HiSOi in vacuum and waghed, one 
part used for absorption measurements, one part dialysed first then used 
for an absorpbon measurement and later dned and weighed Another 
part was precipitated with OA saturated (NHli)sSOi, centrifuged, and the 
preapitate extracted with water The solubon so obtamed was used for an 
absorpbon detenninabon and then dned and weighed The data are given 
m Table IL (C/ Table I m the previous paper ’) At the maximum of the 
red pigment absorpbon band (475 m/i m this solution) the absorpbon per 
mg IS 1/7400 that of an equal weight of the pure protem free crystallised 
spirilloxanthm of van Kiel and Smith m CSj 

mSCtTESION 

The posibon and relabve heights of the vanous absorpbon bands in 
different species of bacteria are given m Table HL It is evident that the 
band at 795 and that at 590 mp occur m all the speaes examined Differ 
ences m posibon of 5 mp are not considered to be of significance m these 
determlnabons The larger band is, however, found to occur at three 
different wave lengths, about 875, 855, and 840 mp m different speaes. 
This may ather be mterpreted as mdicabng the existence of three different 
forms of bactenochlorophyll or three different protems which differently 
affect the posibon of the large absorpbon band The wort of van Niel 
would seem to mdicate that only one bactenochlorophyll exists so that the 
differences in posibon of these absorpbon maxuna are more probably due 
to differences m the protem consbtuenb The chemistry of bacteno- 
chlorophyil has been recently reviewed by Stoll and Wiedermann 

Addendum — ^Two articles on the spectra of water extracts and live relU of purple 
bacteria, green and blue green algae by Katx and tVassinlc and by Wassmk, Katz, 
and Dorreitein have Just appeared which grve more pteaxe spectra In the infrared. 
In general their concluslona and ones agree -well. Of particular interest is thdr iso- 
clectnc point detcmiiiiation of the CUcreUa photosynthin at pH 3 7 which agrees with 
our minimum solublhty region of SpiriUum rubrum photosynthin 

Their suggestion that the different Initared bands are due to combmation ol the 


' French, C S J Gen PkytuU 19« 23, 47S 
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bactenocWorophyll, (which had the same spectrum m alcohol from all speaes), mth 
vanous protems, each producmg only one infrared band is consistent with our results 
It may lead to the chemical separation of the different protems using the different 
infrared band heights as a cntenon of the fractionation procedures 

They compare vanous extracts with the hve cells and also find the position of the 
maxima m dose agreement even without a scattenng correction, showing that their 
carborundum powder grmdmg procedure also makes extracts with essentially unaltered 
spectral characteristics Our supersomc treatment would appear to give more com- 
plete extraction m a short time than gnndmg, thus allowing quantitative work, but 
may well do more harm to enzjrmes 

SUMMAEY 

Absorption curves have been obtained m the spectral region of 450 to 
900 m/z for the water soluble cell juice of four species of photosjuithetic 
bactena, Spirillum rubrum (strain SI), Rhodovibno sp (strain Gaffron), 
PJtaeommias sp (strain Delft), and Streptococcus vartans (strains Cll and 
ong) 

These curves all show maxima at 790 and 590 m/z due to bacteno- 
chlorophyll, whose highest band, however, occurs at 875, 855, or 840 m/z 
depending on the speaes The bactena that appear red rather than brown 
have a band at 550 m/z due to a carotmoid pigment An absolute absorp- 
tion curve of bactenophaeopbytm has maxima at 530 and 750 m/z 

The extraction of cell jmce by supersomc vibration does not change 
the position of the absorption bands or of the hght absorbmg capaaty 
of the pigment 

It IS a pleasure to thank Professors Otto Warburg for many suggestions 
and C B van Niel for the bactena and valuable cntiasm I am also very 
grateful to Professor G W Pierce and his collaborators for the use of the 
supersomc apparatus, to Professors Theodore Lyman and Otto Oldenburg 
for the use of the spectroscopic eqmpment, and to Dr W M Preston for 
his advice 
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BIOELECTRIC POTENTIALS IN HALICYSTIS 
VEX The Effects of Light* 

Bv L R. BUKRS 

{Frcm Pu Jacques Lceb Labonioryf Bophns Monne Station, Pacific Grove, and the 
Sekooi of Biolofical Sciences, Stanford University) 

(Reedved for pubUcation, November 7, 1939) 

Bioelectric effects of niuminatioii are most familiar in animal organs 
like the retina, but they have also been known in plants since the work of 
Haake,' Klein,’ Querton,* A. D Waller,* and espeaally J C Waller ‘ 
Other workers*"^ have also described responses, usually with a rather com 
plex time course, which is difficult to analyze in any consistent fashion 
Although some colorless plants (celery,* oat coleoptile^®) give an electnc 
refuse to light, the phenomena have usually been connected with photo 
synthesis, as shown by the necessity of chlorophyll, of wave lengths of hght 
absorbed by it, and of COt We have dupheated many of the described 
effects m this laboratory with vanous leaves, but it seems doubtful that 

* Aided by a grant from The Rockefeller Fonndaboru It is a pleasure to acknowledge 
the assistance of Dr M L Danie, Jc^ and Mr R. K. Skew, tinder this grant, m roany 
of the experiment* here reported 
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such experiments alone can tell us much about the mechamsms relating 
photosynthesis to the electncal response Fu-st, even m the more sunplified 
aquatic leaves, both the optical and electncal paths are complex, second, 
virtually nothing is known of the leaf’s strictly bioelectnc properties m the 
dark And the latter mformation would be difficult or impossible to ob- 
tam, smce the probable loci of the effects are deep lymg mesophyU cells, 
often shielded from experimental control by impermeable cuticle and non- 
photosynthetic epidermal cells, and subject to many unknown metabolic 
alterations 

It is clearly advantageous to study such hght effects m large multi- 
nucleate cells, such as Halrcyshs, Nttella, and Valonta (see Marsh® for re- 
ports on V venirtcosd) In these cells, both the optical and electncal paths 
are much simplified, -with the photosyntheticaUy active chloroplasts very 
close to the electncally active ceil surfaces, and the latter accessible to con- 
siderable experimental control Further, in several of these plants there is 
also a large background of known bioelectric data, which should be useful 
m mterpretmg the hght effects With this m view, dunng the study of 
other bioelectnc effects m Hahcyshs, the author has constantly mduded 
hght as one of the vanables m experimentation Many of the expenments 
were performed as long as 6 or 7 years ago, and some of the effects have been 
briefly alluded to m former papers Only recently, however, has it 
seemed possible to explam most of the effects on a rational basis, that of an 
altered lomc permeabihty and mobdity in the cell surface, as developed in 
the discussion at the end of this paper 

hlost of the phenomena can now be referred, pnmanly, to treatments 
which alter the P n and lomc mobihties m some characteristic fashion, and 
then, secondanly, to a few simple effects of photosynthesis which mfluence 
these treatments in turn, either assistmg or counteractmg them Usually 
this IS by oxygen production, or COz consumption with its resultant pH 
changes Certain anomahes in the latter were mdeed first suggested by the 
p D changes, and corroborated by direct test with the glass electrode “ 
Otherwise, few new assumptions have had to be introduced to account for 
the effects m Eahcysits, which may therefore be useful m interpreting the 
hght responses of other smgle cells, and the more complicated effects m 
tissues 


Blinks, L R,/ Gen , 1933-34, 17, 109 

Bhnks, L R , Darsie, M L , and Skow, R K , / Gen Physiol , 1938-39, 22, 255 
» Blinks, L R , and Skow, R K , Proc Not Acad Sc , 1938, 24, 413 


1 E. BUNKS 


497 


MetJicd 

In general the technique u that of prcvions papers of this scries.^ 

Impaled ccQs of the Californian B ovahs have been mostly employed, although m 
many mitanccs concordant result* have also been obtained with B Ositrhouin m 
Bennuda, Adequate tone for recovery after impalement was allowed, usually over 
night or longer (Ulomination tend* to hasten recovery soon after impalement, see 
below ) Measurement was by compensation potentiometry with a s en s i tive galvanom 
etcr as null mdicator Readings were usualty taken at 15 second intervals during 
rapid changes of pj> , or at 1 or 2 minute Intervals during slower change* More re- 
cently many records have been taken with the automatic recording potentiometer 
(Micromax) of Leeds and Norlhrup, which balances itself every 3 seconds, and faith 
fully follows moderately rapid potential change* Both methods can be u»ed with a 
vacuum tube circuit to avoid even momentary current dram on the cell, but this is not 
usually necessary Extremdy rapid changes especially during the first moments of 
illuminatKm, have in some cases bra recorded photographically using a quick galva 
nometcr or stnng galvanometer 

The li^t sources have been daylight (north marine ciposuit) Incandescent lamps, 
and carbon arcs aH measured with a photronic me^ placed as dose to the posibon of 
the cell as possible. Slightly crumpled aluminum foil reflector* were placed at the backs 
and sides of the shell vials containing the cells, to equalise Illumination around the cell 
as much as possible. No essential difierence has been observed m the efiects of the 
different U^t sources m addition, several Coming ^ass filters of cahbrated tmnsmis- 
*km were used to isolate q>ectral regions. The effective wave lengths m general cor 
responded to those of chlorophyll absorption both nd and blue regions of comparable 
intensity produced good responses, whik green was much less effective (enabling many 
"dark operatkma to be carried out in dim green hght to which the eye is very tenaUve) 
The liboratory was darkened between Olamination penods to an average light In 
tensity of less than 1 meter candle, there was no bloele^c response to this dim light 
As an added precaution during dark periods, the vial containing the cell was also com 
pletely shielded with a cylinder of black paper this was replaced with the foil reflector 
during illummatlon In exploTiDg the effect of varied light mtensity, the same lamp 
was used throughout bemg moved along an optical bench until the desired reading was 
obtained on the meter Infrared was largely filtered out by means of a dilute CuSOi 
solution In the path of the light but removal of this filter usually produced no percep- 
tible effect except in cases where slow heating of the sea water gave nse to complications 
(« I with lowered Oa tension or with added ammonia) Temperatures were read on a 
thenneaneter in the same vial as the cell, and usually not more than l*c variations 
occurred in a given experiment an extra water bath around the vial was often used to 
maintam a stili more constant temperature The sea water in the vial itself was also 
frequently stirred by bubbling gas (air or Ni) 

In the present paper only room temperatures (IS to 22®C.) were emplco'ed. Tcm 
perature of course influences the photosynthetic rate, and therefore the speed of bio- 
dectnc response to light in many case* Its effects will be specifically described in another 
paper 

Little or DO ultraviolet was ordinarily present In the li^t reaching the cell through 


glass bamers, but when a few cells were purposely exposed to ultraviolet from carbon 
or quartz-mercury arc source, with no glass and a minimum of sea water intervenmg, 
no distinctive effect was observed A few experunents indicated that much longer ex- 
posure to mtense ultraviolet decreases later response to visible hght This is in agree- 
ment with Its inhibitmg effect upon photosynthesis My thanks are due to Dr 
Wilham Arnold for collaboration in these experiments 

The sign of the p D is always understood as that of the outside of the cell as indi- 
cated by the external circuit Thus a positive (outwardly durected) p d tends to drive 
current outward across the protoplasm, from sap to sea water, and thence to the galva- 
nometer ormeasurmg arciut PositivePD IS mdicated below the zero hne, in the graphs, 
as throughout this series Measurements made in the dark are generally mdicated by 
sohd circles, those m the hght by open circles (Where Micromax records have been 
traced, a different convention is followed ) In addition, L stands for hght, D for dark, 
and arrows mdicate the moment of change from one to the other, or other expenmental 
changes 

Effects of Light on the Normal Potential 

As pointed out in previous papers, “ the jpd of Halicysiis (when 
aerated) remains high and unaltered for many days m the dark, probably 
because m their 10 days to 2 weeks of impaled hfe the cells do not exhaust 
all their carbohydrate or other reserves {Cf Valonia ventncosa^ which 
lost most of its p D after a much longer dark penod ) The p D of darkened 
H ovahs remams close to its ongmal value of 80 mv , or may even nse to 
nearly 90 mv shortly before death 

Ulununation, even with rather intense hght (10,000 meter candles or 
higher) does not raise this dark value very greatly at the maximum about 
8 mv , or 10 per cent, and usually only 2 or 3 mv (3 or 4 per cent) The 
form of this small hght response, such as it is, is fairly charactenstic, con- 
sisting of a quick initial increase of 1 or 2 mv , followed by a fall, after 
which there may be a slower rise occup 3 ang several minutes A slow de- 
crease may then follow, with continued illumination On darkemng, a 
converse change occurs, with a small initial decrease, a momentary re- 
covery, and a slower drift toward the steady dark value 
Examples of the normal response are shown in Fig 1, others are to be 
seen as controls accompanymg expenmental modifications m Figs 8 and 11 
This normal time course m some ways resembles that found in leaves, etc , 
although it IS very much smaller m magnitude (Changes of 50 to 100 mv 
have been found m leaves on lUunnnation ) It much more closely parallels, 
although in reverse sign, the hght effects m unpaled Valonia (as reported by 
Marsh® in V ventncosa, and verified by the author m that species and m V 
inacrophysa) There agam, the actual change m milhvolts is usually small 

Arnold, W , J Gen Physiol , 1933— 34, 17, 135 
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under normal conditions, although when eipressed as per cent of the nor 
mally low (negative or mwardly directed) PJ) of Vaionta, it appears to be 
more impressive than in Eahcyttts The normal light effect m Ntlella is 
also shght (unpublished observations) 
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Fio 1 The effect of bght upon the normal pj) of BaJtcysiis omlis Curve b repre 
sents a tyiHal pj) of about 77 mv In the dark. \Vhen Illuminated (5000 meter candles, 
incandescent source) the p.i> rises about 4 mv after an initial cusp of an increase and 
decrease. On darlening there is a reverac cusp and slow fall to almost the onginal 
leveL In curve c, a rather high pj) of 86 mv is shown, b^ond the imtial cusp light 
scarcely mcreases this pj) , nor is there a very great dark effect. On the other hand 
curve d represents an crccpbonaHy low pj) , reached m a cell which had stood m a very 
small vessel for some time, partially dqileting the oxygen in the sea water Light here 
increases the pj) from 45 to 53 mv , and would have raised it stai hl^er on contmued 
exposure. In the dark the pj> then remains almost at its preceding light level, not 
Immediatdy falling This is due to the co^^gca released by photosynthesis 

Fmally curve a represents the increased effect of light on the pj> as it develops In 
a freshly Impaled ceU. The first arrow shows the moment of impalement, measurements 
being begun u soon as possible thereafter At about 25 mv the cell was niumlnated 
and the pj} rose much more rapidly to 48 mv In the dork it then rose more slowly 
to SS mv , in the light rapidly agam to 72 mv In the dark it then was nearly constant, 
but light drove It to 77 mv , where it remained, in the dark The greater sensitivity 
to ll^t during the rise of pj) Is discussed b the text. 

Actual tracing of Micromax records, balanced eve r y 3 seconds Solid lines represent 
dark observations (ZJ), broken Imes bght (L) arrows mdicatbg time of change. 


How then may we reconcile these small effects m amgle cells with the 
much larger ones often found m complex tissues? It might of course be 
suggested that the btter are due to the summation of wnnll effects m a 
long senes of ringle cells But this demands either an inherent polanty 
along each cell (like the radial asymmetry observed m Baltcystts on impale- 
ment), or an appreciable bght gradient across each cell While these may 
contribute, it seems more reasonable that the large effects are m many 
cases due to exaggeration of the normal small hght effect by vanous meta- 
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bolic conditions (decreased Oi, increased CO 2 , production of aad or ammo- 
nia, etc ) whicli might prevail m thick, massive tissues Greatly magnified 
effects m Eahcyshs, produced by just such agenaes, will be descnbed m the 
next sections 

Before passing on to these controlled effects, it may be well to descnbe a larger bght 
effect often obtamed, which can hardlj be classed as “normal,” yet might arise under 
some conditions of experiment This is the greater sensitiwty to hght observed soon 
after the cells are impaled, and before the pj) has risen to its normal constant value 
Light given then hastens the rise of pj) , apparently speedmg up recovery from the 
mjury of impalement, smce the pj) does not fall back \ery much on darkenmg The 
cause of this is not analyzed, but may be connected with the markedly mcreased respua- 
tory rate which has been measured m this laboratory soon after impalement, this pos- 
sibly decreases the O2 tension m or near the cell to a pomt which lowers the p d and 
IS counteracted by the O 2 released m the cell by' photosy'nthesis (c/ next section) 
Another possibihty is that a high mtemal aadity develops, either as the result of this 
respiration, or from the mechamcal breakdown of bamers dunng impalement Such 
acidity also affects the pjd (see below), and photosy'nthesis, by' usmg up CO 2 could 
counteract it Possibly some mtermediate product of photosynthesis is more readily 
utilized in heahng the wound around the capillary', or m other adjustments, than the 
more stable resen'e carbohy drates The effect is best avoided by' allowing suffiaent 
time for recovery' 

A characteristic example is shown m Fig 1 o, m comparison with the normal hght 
effects later obsen'ed 

A somewhat similar mcreased sensitivity' to light has been observed in freshly im- 
plied Valoiita cells (unpublished observations) 

Another, larger hght effect, can also be mduced by keeping the cell m the dark -very' 
quietly for some time — overnight or longer — espeaally' in a very' small vessel Then 
the PJ> falls, and is restored markedly' by hght (Fig Id) Smce this appears to be 
largely due to lowermg of the oxy gen content of the small volume of sea water by the 
cell’s own respiration, it is best explamed by the next section 

Lowered Oo^ygen Tension 

As mdicated in a recent paper,” suffiaent lowenng of the O 2 content of 
the sea water surrounding an unpaled Hahcyshs cell causes the p d to fall 
from about 80 mv to around 10 or 15 mv , or even less This may be 
accomphshed by the cell’s own respiration m a very small closed vessel (as 
above) or more rapidly by addmg a rapidly respinng orgamsm such as Ulva 
or yeast (cf Fig 2) but most satisfactorily and clearly, without the comphca- 
tion of CO 2 production and other factors, by bubbhng the sea water with a 
stream of nitrogen containing a low percentage of 0* (c g , 0 2 per cent 0-) 
It was early found that such depression of p d occurred only m the dark, or 
at verj' low hght intensities Strong illummation promptly restores the 
p D , as shown m Fig 3, with practically the same tune course as produced 
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by re-mtroducfaon of air It seems reasonable to conclude that the effect 
of light IS here due to photosynthetic production of oxygen 



Fio 2 The effect of Ujiit opon the tjd of B avoJii, when the ceD is exposed to set 
water in which active yeast cells are suspended (In percentage concentrations as marked) 
The pj) starts to drift downward in the presence of only 0 per cent yeast, but light 
protnpUy restores It, whether given at the 90 mv levd or at 50 mv Aeration docs 
likewise. Good recovery also occuea on IDnimnation in the presence of OJ per cent, 
1 per cent 2 per cent, and 4 per cent yeast but with marked downward cusps preceding 
the recovery This closdy parallds the effect of hght at low oxygen tensions (Fig 3) 
In the presence of 8 per cent and 16 per cent yeast, however, hght produces no recovery 
ilthoujdi the restoration of sea water does, Thu fiDurc to recover u probably not due 
to the exhaustion of oxygen since light can usually o ver come even the most anaerobic 
condlbons but to the accomulatjoii of narcotic quantities of COi m the hl^er >'east 
concentrations which photosynthesis is unable to reduce sufGciently (cf Fig 8) A1 
cohol In any qoantiries the yeast could produce m this short exposure, is not effective 

Trtangs of actual Micromnx records, balanced every 3 seconds Solid lines repre- 
sent dark {D) and broken lines li^t (Z.) the arrows signifying timf* of change of these 
or other conditions Very intense light was used to penetrate the denser yeast 
suspensions. 

Since the Oj is rdeased inside the protoplasm itself, it is directly available 
to the respiratory mechanisma, whii probably consume their share before 
any Oi diffuses out of the cell Therefore it makes little difference in the 
recovery of p n -whether the sea water is quiet durmg the illuiniDation, or 
bubbled actively with mtrogen, or even hydrogen plus platinum black to 
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catalyze oxygen removal (Fig 12) However, without such bubblint 
photosynthetically produced O 2 reaches a higher and higher concentr 
m the sea water, the p d falls more slowly on darkening, and after se 
lUummations, does not fall at all for some time 
Over a certam range (often 50 to 500 meter candles), hght mte 
determmes the p d level reached, and to some extent, the speed of reco 
Fig 4 shows an example of this, with fairly good reproduabdity of 
level over an mcreasmg, and then a decreasmg, mtensity senes 



Fig 3 Effect of light on the pd of B ovalis in the presence of lowered oxygen 
Sion The sea water has been previously bubbled with nitrogen, containing 0 ! 
cent O 2 , and the p n has fallen to 10 mv in the dark As this nitrogen continu 
bubble, the cell is then illuminated (5000 meter candles, mcandescent source) I 
is an imtial sharp decrease of p d , followed by a steady rise until the normal p. 
about 82 mv is restored The p n falls agam rapidly in the dark to 10 mv 
bubbhng of air at this pomt, instead of N®, again restores the normal pm in the i 
after an mitial depression (here to a shghtly negative value) Note the markei 
semblance of the recovery curves m the two cases 

Closed circles represent dark observations {D), open circles, hght (Z.) Dark pei 
also mdicated here by the black bars at the base of the graph Vertical arrows ind 
moments of illumination and darkening, and of admission of air 


somewhat lower levels reached on the decreasmg scale may represer 
lower vacuolar and protoplasrmc 0» content, as the result of the long c 
tmued Ns bubbhng, possibly aided by the mcreased respiration knowr 
follow photosynthesis In Fig 4 the mtensity was not mcreased suffiaei 
to reach normal p d values, but when the latter level is reached, furt 
increase of hght mtensity has httle fmther effect (Fig 5) This is proba 
due to a sufficiency of O 2 to mamtam the normal bioelectric properties, . 
necessanly to a hmiting rate of photosynthesis The experiment does ] 
give mformation on this pomt, although Warburg manometnc measu 
ments with Ealicyshs cells do mdicate that photosynthesis is also at a nea 
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satuiated mte in sea 'water at comparable U^t intensities, CO» probably 
becoming a limifing factor at this temperature, 

A charactenstic of the bght response, even at lower intensities, but espe 
aally at high. Intensity, Is the cusp which cames the bjd downward before 
it starts to recover (Figs 2, 3, and 5) This might indicate some unsus 



Fic, 4 ESect of light o! «vtral different falensties upon the rn of B crwiw « 
poied to bw ox yg en tension The dark pj> 'was obout 75 mv m aerated sea water 
At the first arrow, the latter was then bubbled contmuonsly with nitrogen containing 
0^ per cent Oi, and the pj) soon fcQ to about 10 mv , being onl> retarded b 

Its fall by weak fflummation (22 meter candies) Successive bcremcnts of about 22 
meter candles however, rabed the PJ> in stepwise fashion up to about 56 mv at 183 
meter candles Corresponding decrcaaes of btenaity lowered the p j> again, to almost 
xero b the dark (D) The lower values reached on the deotasbg scab probably arc 
due to the more complete exhaustion of Oi from the protoplasm both by the long 
continued bubbling with Ni and the enhanced respiration of the cell foUowbg 
photosynthesis. 

Figures represent the bten^ty m meter candles, as measured by a pbotronic meter 
placed as closely u possible m the position of the cclb The source 'was an bcandescent 
lamp moved along an optical bench to give the desired intensities. Arrows fadicate 
moment of changed intensitj Adequate COt was insured by bubbling the N* previously 
through a bicarbonate solution Open drdes, light, closed circles dark- 

pected anomaly of the tunc course of photosynthesis itself, but smee an 
almost identical cusp is produced by the admission of air (Fig 3), it seems, 
to be concerned rather with the respiratory or bioelectric mechanism The 
explanation may be that suggested by Gaffron,^* that durmg anaerobic 

Gaffron, H., BIocAm Z , Bedb 1935, 280 , 337, NaturmuensekeUen 1937, 25, 
460 715 
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conditions there accumulate metabohtes with an p q greater than unity, 
which produce an excess of CO2 when oxygen is first admitted (or produced 
within the cell) We shall see below that CO2 and other weak aads can 
depress the p n , m fact there is strong resemblance between their effects 
and those of low O2, and it may well be that the latter effect is chiefly due 
to mcreased protoplasmic aadity (Green algae have been shown to 
produce aad (probably lactic) anaerobically ^’) 



Time (minutes) 


Fig 5 Effect of varying hgbt intensity on the p n of i? tnralts exposed to sea water 
with low oxygen content (continuously bubbled with nitrogen contaming 0 2 per cent 
Os) At the beginning of the record the cell had been exposed to this overnight, and 
thePJ) had dropped to 15 mv m the dark But 375 meter candles from an mcandescent 
source were suffiaent to restore the pj) to 83 mv (start of graph) This was raised 
only to 88 mv by quadruphng the intensity to 1500 meter candles (higher mtensities 
did not mcrease the pn further) The intensity was agam decreased to 375 meter 
candles with restoration of the original value, then the mtensity was halved successively 
to 188, 90, 45, and 22 meter candles respectivelv as marked The latter two intensities 
were msuffiaent to raise the p n much above the dark value of 14 mv , but mcrease to 
90 meter candles after an mitial cusp, raised the level to 30 mv , and 188 meter candles 
to 75 mv It IS evident that most of the effective range where hght controls the p n 
was m this case 50 to 400 meter candles, higher and lower mtensities having little further 

^Open cirdes. fight, closed ordes, dark Figures refer to meter candles 

Whatever the explanation for the cusps, tbeir opposite direction to the 
mam recovery drift can give very unusual curves, if only short fight expo- 
sures axe given Fig 6 shows examples where the fight effect is entirely 
negative, decreasmg the p n , and the succeedmg dark effect more Posibve 
Tins is characteristic only when the P D is low, however, the anomahes tend 
'to disappear as the light is left on longer, or lie no is earned to higher 
values by a rapid succession of hght dashes Other cusps, noth probably 
the same cause, will be discussed m later seePons 


17 GaffroD, H , Biol Zenir , 1939, 69, 288 
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One further aspect of short hght and dark periods is shown in Fig 7 
The PJ) , fluctuating though xt is, centers itself about a figure roughly 
corresponding to the level reached if the same is given continuoualy 
For example, 1 minute light penods of 90 meter candles, followed by 1 



TiTne Cmmutes) 


Fro 6 Effect of short h^t and koger dark, periods upon the p of Bcheytin, ex 
posed to low Os tensmos Nitrogen bad been bubbled m the dark, long enough to carry 
the pji down to 5 mv Light (5000 meter candles from Incandescent source) was 
then given for one 1 ndnute interval, followed by 9 mmutes of dark It is seen that 
the negative anomaly is at first the only effect of the 1 mmute fiash, and a reverse 
anomaly m the first moments of dark. Gradually however, the dark p cre e ps up to 
about 10 mv after five flashes, and after this the hght flash produces strong posid^ty, 
the dark period a fall from this value. 

Graph 6 contmues the 1 minute exposures, after a 20 minute dark pcnod. When 
the dark penods are reduced to 5 mmutes eadi In the middle of the record the pj) 
creeps up to over 20 mv owmg to the greater total U^t now received Finally the 
p j> re co vers its full value of 86 mv with continuous Dluminatiom 
Open circles, light closed circles, dark 


minute dark periods, rnnintnin the p j? at about the same level as 45 meter 
candles contmuous hght, under the same conditions of low oxygen tension 
Thus the production of Oi is not appreciably more ef&acnt when the light 
is concentrated m these relatively long flashes One would have to give 
extremely short flashes of the order of fractions of a second to obtam the 
extra effiaenaes found by Warburg, and Emerson and Arnolds This 
experiment is planned for future work on Baltcysits (qf Marsh* on Vafonio) 
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In connection with these short exposures, it should be noted that in most cases 
where there is any response to hght at all, no appreciable induction period is observed 
Even when the response is anomalous, and counter to the later drift, it usually begms 
as quickly as the most rapid instruments can follow, e g , photographic records of string 
galvanometer deflection (But with a method which was slower in foUowmg the changes, 



Fig 7 Effect of alternate hght and dark penods, compared with continuous illumina- 
tion, upon the p d across the protoplasm of R ovalts The sea water was contmuously 
bubbled with Na contaming 0 2 per cent Oa, and the p n had reached a constant dark 
value (D) of about 7 mv positive lUummation with 90 meter candles (incandescent 
source) raises this to 43 mv Three succeeding 5 nunute dark periods are alternated with 
three hght periods of 90 meter candles The pj? oscillates between 15 and 30 mv , 
with an average value of 22 5 mv A similar average value is mamtamed by | minute 
alternations of the same value, but 45 meter candles continuous hght, permits this to 
fall slowly to 20 mv, Contmuous exposure, and 1 nunute alternations, of 90 meter 
candles are repeated, with much the same effect, and alternations of 180 meter candles 
brmg the p D to about the same average as 90 meter candles contmuous hght Air 

restores normal p m i. j 

In graph b, alternations of 45 meter candles are shown m comparison with 22 and 

45 meter candles steady hght 

Open circles, hght, closed cucles, dark Figures indicate meter candles, arrows time 
of changes 


the mitial anomahes might give an apparent induction penod before the mam rise ap- 
neared ) Only when there is some question of mjury or of toxic substances mvolved 
as after very long anaerobic conditions, and espeaally when other organisms (e g Ulva) 
have been used to exhaust the ox}'gen, does an appreciable mduction penod appear 
Then the Pm may be practically zero, and show no instant response to light, several 

Ipsmg brfore .t eve„ begu.s to dnf. « 

to IS prabably that toe products (mcludmg H.S) most be oiidieed before the M 
^ recover It seeios sigpihcaot that ueder toe coadrUoits, the inlroductioo of just 
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a tttce of atmospheric oxygen (as by merely lifting the cell out of the vessel and replacing 
it) often then enables bght to produce an immediate and large bioelectric response, even 
though the PJ) has not been greatly Increased by this Os in the dark, 

Increaud COt Tmston 

It seemed possible tint long exposure to low 0«, by bubbling with nearly 
pure Ni gas, might scrub out most of the COj from sea water and cell, to 
the point where low COj might lumt the photosynthetic rate and the 
evolution of Os COs was therefore added in some cases to the Ns stream 
by metenng with a bubble coiinter,“ or by passage through bicarbonate 
solution. In neither case was the recovery m light any faster or more 
complete than m the pure gas, mdicating that sufhaent COs was available 
from anaerobic respiration, or from carbonates m ccH and sea water, so that 
it had not become limitmg (cf also Valonta'’) 

On the contrary, mdeed, when COt was considerably mcreased, up to IS 
or 20 per cent in the Nj stream, it mhibtted the recovery of p jj , even at high 
hght intensities, either abolishmg the response, or limiting it to the negative 
anomaly, ■without later poslbve drift Smee high COt concentrations arc 
kno-wn to inhibit photosynthesis, this result ■would not be surprising How 
ever, this is probably not the explanation involved here, but rather, that 
COi has a depressmg effect upon the pj> itself, qmte aside from photosyn 
thesis Added to sea water, it lowers the pjj , even m the presence of air, 
and this depression begins at somewhat lower CO> tensions than those that 
inhibit photosynthesis, since hght can still restore the p J> over a limited COt 
range The depression can be ascribed to an effect upon ionic mobihtlea 
m the cell surface, probably due to increased aadity of the protoplasm, 
caused by the penetrating CO» (pH change of the sea ■water alone is not 
effective) The nature of this k indicated in the discussion Recovery 
would of course be due to photosynthetic consumption of thin COt 
Fig 8 indicates some of the charactenstic hght effects in the presence of 
mcreased COi tension It will be noted that recovery m hght only occurs 
if the PJO has not been earned too far down, contrary to the situation with 
low Ot If there is too much COi, hght cannot overcome it, either because 
the aadity is too great to be overcome, or photosynthesis is itself inhibited 
It IS possibly the former, smee the negative anomaly may still persist, m 
fact may be the only effect of hght At intermediate levels, however, com- 
plete recovery may be mduced by sufficient light, often ■with marked cusps 
This may well eiplam some ot the larger effects m leaves, etc. 

To some extent these same effects are produced bv other vreak adds (e g , 
acetic) which penetrate the cell readily Smee it is hardly likely that these 
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are themselves destroyed m photosynthesis, the recovery of r n in heht 
must then be ascribed to the reducUon of CO, which has been released frL 



Fig 8 p d across the protoplasm of H emits, as influenced by CO 2 and light In 
curve a, suffiaent CO 2 is bubbled into the sea water to lower its pH to 5 0, and the p u 
falls to very low values, eventually to zero Light (dayhght 570 meter candles) has 
here httle influence in preventmg the faU, or restormg the p m (although such intensity 
fully overcomes low O 2 effects) Note the negative anomaly on the second exposure 
Air IS then bubbled in the dark, with prompt recovery of pj> At 66 mv , the same 
light intensity now causes fuU recovery of pm 

Compare the slight effects of hght on the same cell m sea water bubbled with air, 
and COn-free air (curve a') 

Curve b indicates a sirmlar experiment m which the p n is carried down, by two 
successive bubbhngs with CO 2 , even under contmuous illummation (750 meter candles) 
The negative anomaly is again shown at low p n values Air is then bubbled twice, 
sweeping out some of the CO 2 , whereupon hght produces a quick nse of pm (after a 
cusp) Curve b' contmues this graph, mdicatmg how the pm is gradually driven higher 
on successive hght exposures, which consume the CO 2 m and near the cell 

Open circles, light (Z), dosed cirdes, dark (£>), arrows showing time of change 

carbonates mside these cells by the penetrating aad Naturally the margin 
of aadity which can here be overcome is even less than with CO2 alone, and 
it IS indeed found that only moderate depressions of p n can be overcome 
In these cases, however, the negative anomaly may often persist, as if the 
aadity were still further mcreased at first by hght 
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Ammonta 

Since tie depression of pjj by COi and the recovery m bght are probably 
due to internal pH changes, it is fortunate that there is an independent 
means of sensitizing the cells to pH changes in the external medium 
Normally the pj) of Balicysits ovalts does not respond appreciably to 
aadity changes m the sea ivater between pH 6 and 10, especially if the sea 
water is well aerated after the changes, to bring the COj back mto equihb- 
num with the air (H Osterhaulit is somewhat more sensitive to pH 
change ) Nor is the response to hght appreciably changed over this pH 
range But if a httle ammonia (NH^Cl or other ammomum salt) is added 
to the sea water around the cells, pH changes m this medium strongly 
affect the pj> Inaeased pH now depresses the pjj , or reverses its sign if 
sufficient ammoma is present, decreased pH counteracts such reversal, and 
raises the positive p Ji Both of these effects are due to altered dissoaation 
of the ammoma, the free base of which readily penetrates the protoplasm, 
and alters the p n (again accompamed by an alteration of lomc mobihties 
m the surface, see Discussion) 

When these effects were first descnbed“ it was remarked that hght fluc- 
tuations (passing clouds, etc.) influenced the p n much more than normally, 
and it was suggested that pH changes were responsible, due to CO« assimila 
bon Further study has shown to what a remarkable extent light can 
control the pjj of Baltcystts m the presence of ammoma 

The following effects have been found 

(а) A given ammonia concentrahon produces a larger effect m the hght 
than m the dark, the pjj falls to a lower value, the concentrabon for 
reversal to a negabve sign is less, and the negabve pjj reached is greater 

(б) The direcbon of the hght effect m the presence of ammoma is the 
opposite of the small normal one, or the mam recoveries from low Oi or high 
COi, hght now makes the pjj less posibve (or more negabve), instead of 
more posibve 

(c) There are, however, even more sbikmg anomalies m the general 
tune course, by which the imbal cusps, noted m the previous treatments, 
become bemendously magnified This agam suggests an imbal aadity 
change m the opposite dueebon to that generally assumed m photosyn- 
thesis And there arc correspondmg anomahes m the darkenmg response. 

Figs. 9 and 10 show many of these charactensbes, mcluding the hysteresis 
which IS charactensbc of ammonia treatments, a smaller ammoma concen- 
trabon IS reqmred to maintain a reversed pjj than to mduce it originally 
Similarly, a concentrabon which is not quite suffiaent to reverse the P n 
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lone, often mamtams it m the dark after hght has aided in the reversal 
?his hysteresis even extends to the anomalous cusp which drives the p n 
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Fig 9 Effect of light on the p d across the protoplasm of ff ovalts, when the cell is 
posed to sea water containing ammonia below the threshold for reversal ofPD The 
Idition of 0 001 jr NH^Cl to the sea water at pH 8 0 lowers the ps> to about 65 mv 
[ummation (2100 meter candles, incandescent source) then produces a shght increase 
ter which the p n dnfts downward, and in 10 minutes reaches a rather constant value 
about 60 mv Darkemng at this time produces a small counter-cusp, after which 
e P D rises to about 73 mv Succeeding hght periods decrease the p n , but always 
ter an initial cusp which mcreases the value Converse cusps occur on darkening, 
commg more conspicuous as the p n falls to lower levels 

Then m curve (6) 0 002 m NH^Cl is added The p n falls to 58 mv (after a cusp) 
It shows no further sign of reversmg in the dark When illuminated however (3000 
;ter candles), after an initial mcrease, the P D rapidly falls and reverses to about 22 
/ negative Darkenmg at this pomt produces a further negative cusp, followed by 
decrease and rise, characteristic of the p o when first reversed by ammonia A 
:ond dlumination produces a very striking cusp which causes recoveiy to 40 mv 
sitive before reversmg back to 40 mv negative 

After a 10 minute dark penod, a half-mmute hght flash produces another large cusp 
40 mv positive, with prompt return to negative p n Successive short flashes repeat 
IS effect, the cusp becommg greater with longer durations and finally, at 3 minutes, 
mg carried so far positive that darkening intervenes before the later hght effect can 
luce reversal, and the p n recovers its normal positive sign This hyster^is is cbar- 
^eristic of ammoma near the threshold The acid gush first produced by hght causes 
•oven' before the later alkahne drift can cause reversal (as in the fimt part of 6) 
Ooen circles, hght penods (L) , black circles, dark (H) Arrows indicate beginning 
d rad of dlummatwn (only begmmng shown with short flashes, whose duration is 

heated by figures) 

are positive dugmg the first moments of illumination, before the negative 
aue^predonTates Fig 9 shows an example 0 002 .i NH.C1 is unable 
reverse^ the p d , until aided by 20 minutes Summation The negative 
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pj) IS then in tum maintained m the dark, until a very short hght exposure 
reduces recovery The hght is then turned off durtng the positive cu^ 
In the dark the PJ) starts toward negativity, but is too far positive to 
continue, and recovers Naturally the ammonia concentration must be 



Tu3e(mirHilefi) 


Fio 10 Effect of Rcveral light intensities on the pj) across the protoplasm of E 
ovaUs, exposed to subthreshold ammonia concentration This Is the same cdl used in 
Fig 9 irhich then stood overnight m OJXC m NH 4 C 3 , without reversal of PJ> 

Hamlnation with mcrcaaingjy hi^ci IJ^t mtenuties as marked, decreases the pj> 
5600 meter candles carry it so low that the pm rewscs on later darkening, first with a 
large cusp and later more permanently In b light cames thu negative pm to still 
hl^er values, but only after Initial cusps m the opposite direction The slow recovery 
in the dark indicates that the ammonia is very close to threshold after the continued 
illumination More rapid recovery follows the last ahorler light penotL Note the 
smaller upward cusps ^en darkening succeeds lower light mtenaltles 

Open arclcs show hght periods, black mrdes, dark, with arrows indicatmg beginning 
and end of periods Incandescent source on optical bench giving li^t Intensities as 
marked, in meter candles metered with pbotromc celL 

well adjusted, close to the threshold, to show this effect, but It illustrates 
how light can be used to throw the pj) permanently in either direction 
A somewhat analogous effect was described m a previous paper,® for the 
concurrent action of ammonia and current flow 


LI 





'111 


J Gen Pkynd , mS-i6 18,867 


512 


POTENTIALS IN HALICYSTIS Vm 


Such sensitization to hght by a substance often found naturally in the 
vacuole of Baltcyshs cells, and tolerated without mjury for long penods, 
evidently gives important clues to the changes of pH occurnng during 
illumination, both mside and outside the cell On the whole these agree 
with the expected nse of pH by consumption of COj, causmg mcrease of 
undissociated ammoma, and fall or reversal of p d as a result Two ques- 
tions, however, remam (1) is this change effective mside the protoplasm, 
or outside it, and (2) what causes the “cusps” m the opposite duection 
durmg the first moments of lUummation (as well as the reverse cusps on 
darkemng)? 

As to whether the pH changes are effective inside or outside the cell, a 
partial answer is given by experiments m which the sea water is kept buffered 
} by borate) durmg exposure to ammonia and hght The regular am- 
moma effect still occurs m the dark, mdeed at a somewhat lower concentra- 
tion of NH4CI than in ordinary sea water This is probably because the 
borate keeps the sea water next the ceU better buffered, and it does not 
become as acid when the ammoma penetrates the cell leavmg HCl behmd 
But illutmnation does not now aid the ammoma effect very well, probably 
because the better buffermg agam prevents as great pH changes outside 
the cell due to CO2 consumption On the other hand, the anomalous 
cusps, which carry the p d more positive durmg the first moments of 
ill umin ation, stdl persist m the presence of borate buffer In fact they may 
even become more conspicuous because the ammoma cannot later enter as 
rapidly, and the same is true of the contrary cusps produced on darkemng. 

This makes it seem likely that the regular negative drift with ammoma 
plus hght is due to the expected nse of pH outside the ceU (due to photo- 
synthetic utilization of CO2) This shifts the ammoma dissociation so 
that more free base may enter the ceU On the other hand the mitial 
anomahes are due to increased acidity largely restricted to the protoplasm 
itself, and counteractmg the ammoma which has entered there It is 
probably capable of lowermg the pH outside, only if CO2 is released and 
able to move out 

The converse dark effect, of decreased aadity preceding respiration, 
might be due to the dark consumption of COj by a mechanism prepared for 
it m the hght ^ 

These explanations of the anomahes m terms of acidity changes have 
gained confirmation by direct pH measurements, as described below 

McAlister, ED,/ Gen Phystol , 1938-39, 22, 613 

^ Ruben, S , Hassid, W Z , and Kamen, M D , / Am Chem Soc , 1939, 61, ool 
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A prcviouB paper** haa shavm that a ^asa electrode m direct contact with the leaves 
or thalhis of various tcrrcstnal and aquatic plants, rapidly responds to the pH changes 
resulting from respiration or photosynthesis Diffusion is so rapid across the few 
microns of solution between cells and electrode that the response to fllumination is 
almost Instantaneous within the period of the galvanometer employed. The normally 
expected drifts toward aridity in the dark due to CO3 production, and toward alkalinity 
during photosynthesis, are always shown, in a variety of tissues. But in many cases 
there arc also anomalies during the first moments of illumination or darkenmg 
toward aadity before the alkaline drift In the li^t, and toward alkalinity before the 
aad drift In darkness 

These anomalies have been found so generally In leaves, Ulva, and suspensions of 
unlcdlular algae, that they could well be assumed to account for the bloclectnc anomahes 
m Hahcyiiu It was of mterest, however, to see whether such anomahes could be 
actuaDy demonstrated In Eahcysiu itself The problem of making close contact with 
the spherical cdl surface was a little troublesome but was solved by using a cup-shaped 
^ass electrode very like the early design of Tookey Kcmdge, The somewhat rcsflient 
cdl of HaiicytiU was readily pressed Into dose contact with this cup (the rest of the 
electrode being paraffined) the cop could also be used to support an impaled cell for 
concurrent biodectnc measurements. Circuits were so arranged that changes m the 
^ass dectrode and biodectnc oxcults could be recorded simultaneously on the same 
photographic paper, without interference with each other 

When the cell was illuminated the ^ass dectrode record often displayed a small 
cusp toward greater aadity before the alkahne drift set in This happened even when 
there was little or no biodectnc effect of light when the pj) was normal A greater 
response was sometimes shown when the cdl was exposed to ammonia On the other 
hand when the sea water was better buffered, little or no change of pH could be d&> 
tected even though the biodectnc response ought bo showing large cusp* This indl 
cated the mdepcndence of the two ar^ta, but also, more significantly that the aad 
gush IS essentially an Internal affair, wi thin the protoplasm, and appears outside only 
If the latter is a poody buffered solution (Effects with leaves, etc. arc also best shown 
in distilled water or unbuffered sea water ) 

The exUmal appearance of the add gush Is probably dependent upon the decomposi 
don of internal carbonate, and the release of COj to the exterior Probably the rather 
ihght aad anomalies shown by the glass dectrode with EaJicystU arc due to the very 
thin protoplaamlc layer, with «mall carbonate reserves compared to the vacuole and 
sea water The appearance of even a sU^t cusp is significant under these conditions 

Ammonta Plus Low Ot 

Even in the dark, this combination has been desenbed** as giving complex 
time courses, the addition of light as a third variable gives, as might be 
expected, still greater complexity Not only cusps, but three and four 
peaked curves have been obtained, which rise, fall, and reverse in succession. 
Fig 1 1 gives an example The behavior evidently depends upon the time 
sequence of anomalous add gush, oxygen production, regular COj con- 
sumption, and the ammoma hysteresis No doubt CO* and other vanables 
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could be lutroduced to compbcate the picture further— just as many of these 
factors are probably present m leaves, etc , to give the complex curves 



Fig 11 Effect of light on the pjj of H ovalts, when exposed to low concentrations 
of KHjCl, in the presence of low O 2 tension A small normal hght effect is first seen 
Then 0 001 m NH 4 CI is added to the sea water, depressmg the pj) to 70 mv , but with 
no further sign of rei^ersal However, when N- (plus 0 2 per cent O 2 ) is then bubbled, 
the PJ) quicU 3 ^ reverses, with charactensUc negative cusps MTien these are largely 
over, dajhght is given (1000 meter candles) The pj) recovers posiUviti, after a 
complex cun-e with one small and two large cusps Darkenmg gives a pronounced 
negative cusp with partial recover} , and hght a final negativity after Jour cusps 

Thereafter, m curve b, hght merelj made evident the negative PJ) charactenstic of 
ammoma, while dark reduced this to the low positive inlue characteristic of low oxy'gen 
FmaUy air was admitted, hanng much the same effect as hght, and succeedmg hght 
responses were neghgible, ammoma now thoroughly dommatmg the pj) (Later bub- 
bhng with N", not shown, graduaUy restored the hght effects of the first part of cun^e b ) 


there absented The fact that the ver}^ simple and shght hght response m 
normal EaheysUs can be so enormously compheated by experimental con- 
trol, IS perhaps the chief lesson to be drawn from Fig 11 
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other Ltghl Efeds 

In the course of other treatments, hght has been foimd to have effects 
comparable to those here included Perhaps the most surprlsmg tras In 
the presence of unbalanced NaCI, the effects of which are markedly en- 
hanced by hght. Since tiffs agent acts somewhat like ammonia, an mcrease 
of alLahmty is probably mvolved 

Other hght effects have been found m the presence of various metabolic 
stunulants and inhibitors, and will be described m a later paper 

DECOSEION 

It IS now desirable to mqulre more closely into the causes of the hght 
effects 

Smee light does not greatly alter the normal pji of Baltcysits, we may 
probably rule out any direct effect of hght upon the normal permeabflity 
of the cell (as by altermg the mobflity and solubihty of ions m the surface) 
Nor, for the same reason, does it appear to have any immediate effect, at 
least, upon the sources of potential energy, such as the gradients of ions, 
mtemal or external, which by their differing mobihties in the two surfaces, 
give rise to the observed steady p n Of course it must be granted, smee 
Baltcystu is an autotrophic plant, dependent eventually on photosynthesis 
for its entire substance and existence, that hght is ultimately responsible 
for all the phenomena which it displays for both surfaces and ion gradients 
alike Without hght dunng their previous growth period, the cells simply 
would not be here to experiment with But with reference to any short 
illumination periods, and even the normal day and mght fluctuabons, no 
great effect upon the electrical system is produced It is already set up 
and runmng, with fairly stable surfaces and internal ion sources, not im- 
mediately disturbed by hght or dark 

However, this rather stable normal pji can be altered or sensitized 
by certain beatments, as we have seen, and then hght may have a powerful 
influence, by aefang with or against these beatments Fortunately, some 
tlung quite defimte can now be said about some of these changes, and 
madentally about the source of POi itself 

This grows out of recent work m this laboratory upon the substitubon of 
vanous amons for the chloride which predominates in the sea water and sap 
(Most of the previous attenbon had centered upon cabon subsbtubon ) 
This will not be documented here, smee it will be more fully presented in 
another paper But a brief outlme is necessary As long appreciated in 
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Vdonm'^ and recent!}^ shown in H Osl^rJwutn,^- the mobihty of Cl" ion m 
the outer surface of H ovalts also is greater than that of Na+ Sea water 
can thus contribute to the positive p n , (assuming it remams less concen- 
trated m the protoplasm) , and the p n is actually decreased by dilution of 
the sea water, although the extent of this change is limited Bw resembles 
Cl~, although it is not so mobde But the situation is qmte different with 
all the other amons which have been tned, both morgamc and orgamc 
mtrate, sulfate,^* formate, acetate, propionate, butyrate, lactate, pyruvate, 
glutamate, and others "ftTien sodium salts of these replace the NaCl of 
sea water, the p n is greatly decreased, or even reversed on their full substi- 
tution (with some j\Ig, Ca, and K present to mamtam physiological balance) 
Such an anion-substituted sea water also shows a reversed dilution effect 
(dilute solution more positive, mstead of more negative as with chlondes) 
mdicatmg that the mobihty of Na+ in the protoplasmic surface is now 
greater than any of these amons (which are all much ahke in effect) 

The effect is similar when such sea waters (mtrate, formate, etc ) are 
perfused in the vacuole, except that, bemg apphed mtemaUy, the p n is 
mcreased, from the normal 80 mv , up to 100 mv or more (the first clear 
case of appreaable experimental mcrease of the Eahcysiis p n ) But, even 
with very thorough perfusion, such mcrease is not at all as great as the 
decrease produced by external exposures to the same solution This 
experiment directly demonstrates, therefore, the long postulated difference 
between the inner and outer surfaces of the protoplasm, the mner bemg 
less sensitive to the substitution of these amons than the outer (It is also 
less sensitive to K’^ ions, and to the dilution of the natural sap or of sea 
water ) Consequently we may expect it to contnbute less to the observed 
potential than does the outer surface 

We may now postulate a high concentration of less mobile amons m the 
aqueous protoplasm (orgamc aads, ammo aads, proteins), plus more mobile 
cations (K, Na) makmg a total eqmvalent concentration approximately 
equal to the sea water salts (This would be m osmotic equihbnum with 
the sea water, assummg the carbohydrates to be mostly starches, etc , rather 
fhan sugars ) These will set up a large outwardly directed potential across 
the outer surface, and a smaller mwardly directed potential across the less 
responsive mner surface (the vacuole, hke the sea water, bemg nearly free 
of such less mobile amons) The two potentials in algebraic sum would 
give the obserx'-ed p d across the entire protoplasm 

-1 Damon, E B , and Osterhout, W J V , / Gen Physiol , 1929-30, 13, 445 

- Osterhout, W J V , Proc Nat Acad Sc , 1938, 24, 75 
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Any change m this p d 170111(1 then be due to either (o) a change m the 
equivalent concentration of the protoplasmic ions themselves (or m their 
charge if amphotenc), or (fc) a change m the properties of the surfaces, 
altering the partition or moblhties of the ions in them. The first change is 
not readily accessible to experimental test, but could of course occur as the 
result of decreased or mcreased metabohc production of such ions (e g , 
lactic aad, pyruvic aad, etc.) under low oxygen tension, a change of charge 
could result from the penetration of aads (COi) or bases (NHj) under experi- 
mental conchtiona such as have been described in this paper A change 
m the surfaces could, however, be tested directly by applymg externally or 
m the vacuole such solubons as mtrate and formate sea waters, which 
normally give large potential changes Any changes m their effect which 
paralleled the change of p d might mchcate that the response of the surface 
to mtemal ion sources was also bemg altered m the same way 
As a matter of experimental fact, it is almost mvanably this change 
which occurs when the pn alters Such a concurrent alterabon was shown 
m a previous papers durmg exposures of Baltcystts to low Oi tension, usmg 
In that case the response to KCl as a test of the surface response The KQ 
test IS not ideal, smce the K. effect is transient, and there are also changes 
after the exposure which have to be allowed for Nitrate, and similar 
sea waters are much more satisfactory, givmg laatmg and reproduable 
alterabons of p n They give even more stntmgly the same kmd of picture 
as the pj) falls due to low 0«, then conatnmtly and proporttonaUy, the 
response to these sea vrater subsbtubons decreases, until, when the pjj 
IS loTTBSt, there is also pracbcally no response to external suhsbtubona (or 
to dilubons of any of the sea Traters, mdudmg chlonde sea water) It 
seems reasonable to conclude that the p n has likewise fallen because the 
cell surface no longer disbnguishes between mtemal amons and cabons, 
any more than it demonstrably does between external ones Smce the 
electrical resistance also rises greatly," the mobihty of ions has evidently 
been greatly decreased, as well as equalized m the cell surface 
This resistance rise is emphasized, since it might be thought that the 
protoplasm ttes “mjured” by the low Oj tension, beconung like a dead cell, 
and very permeable to all ions Qmte the contrary is evidently the case, 
the protoplasm beconung much las permeable to ions Thus the duect 
current resistance rises from the normal value of 100 or 200 ohms, to several 
thousand ohms, per sq cm , of cell surface Along 771th this resistance 
rise, very large polanzabon curves appear at make and break of the measur- 
mg current, due to a very large capaaty 
Then on restorabon of oxygen (whether by aerabon or by hght) the pm 
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recovers promptly, and with it, pan passu, the response to mtrate and 
;umlar sea waters (as well as to dilution of normal sea water) The electn- 
:al resistance also falls, mdicatmg an mcreased permeability to ions 



Fig 12 Graph indicating the loss of ionic response in Baltcyslts ovalts under the 
ifluence of low ox>gen tension, and its restoration by hght The pji in aerated sea 
rater is first shown (ca 78 mv positive), then the interrupted line indicates the great 
hange produced by bathing the cell in nitrate sea water (NOj) (artificial sea water in 
•hich all the chlonde and sulfate have been replaced by nitrate) The pm is promptly 
Itered b)’’ about 90 mv , beconung about 10 mv negative It would remam at this 
rvel for 30 minutes or more m this solution, but promptly recovers its normal value 
n restoration of sea water (S W , shown by the sohd hne) Then the cell is bathed 

1 a sea water previously bubbled with hydrogen, plus some suspended platmized asbes- 
)s, to hasten the disappearance of dissolved oxygen (Hz -f Pt) The p m soon begins 
) fall At about 70 mv , sea water is quickly replaced with mtrate sea water (broken 
ne), also well bubbled with hydrogen, plus platmized asbestos The pm reverses as 
efore, but to a lower negative value, and this begins to fall toward zero Oxygen-free 
ia water is then restored (sohd hne), and the pj) recovers only to about SO mv , and 
ipidly falls toward zero Three more substitutions with oxygen-free mtrate sea water 
)llow, as the pji falls, with a correspondmgly lessened effect each time In other words 
le mtrate effect disappears along with the falhng pj> 

At the arrow, hght is then given, the solutions still remaimng oxj'gen-free, but the 

2 released pbotosyntbetically within the cell causes a rapid restoration of pm Along 
ith this the mtrate effect reappears (mternipted Imes) Fmally the cell is again 
likened, and both the pji and the mtrate effect disappear This suggests the cause 
ir the hght effects, m restonng the cell surface to its normal discnmmation between 
ifferent ions, which are probably responsible for the pj> itself 

The graph is an actual tracmg of an automatic potentiometer (hlicromax) record 
alance is made even' 3 seconds, givmg a practically contmuous record of the pm 
langes Dark penods here represented by black blocks at bottom of figure, light 
mod b 3 their absence. 

Fig 12 gives an example of this type of experiment, with lowered Oz 
insion Ver}’- sumlar results have been obtamed with high CO., and with 
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arnmoma, the surface losing its power to respond to nitrate sea water, etc., 
in both cases The only difference seems to be that COj appears to affect 
both surfaces, so that the PJ) remains low or nearly zero, while NHa ap- 
parently alters the outer surface while leavmg the mner to display its own 
potential (further experiments need to be done on the latter, however, by 
perfusion) In both cases agam, hght only acts as it opposes or aids these 
agents m their effects upon the lomc discrimination of the cell surface 
In what manner the surface is altered by these varied agents, and what 
clues these alterationa give as to the nature of the cell surface, we may 
hope that future work may solve Aadity changes withm the protoplasm 
are strongly suggested, whether due to penetratmg aads and bases, or to 
aad production m anaerobic or otherwise altered metabolism In any 
case we may conclude that the surface is remarkably labile, not only in 
response to unusual agents such as guaiacol,** but to natural metabohc 
changes m respiration and photosynthesis 
Granted the vahdity of the hypothesis as to the source and nature of the 
pj) m Haitcyslti, most of the light effects fit well with the conventional 
effects of photosynthesix itself Oi production, and COi consumption, with 
its resultant pH changes No essentially new photosynthetic hypothesis 
has to be mtroduced except m reject to the imtial anomahes, which are 
ascribed to an “aad gush” (and alkalme gush on darkening) Even these, 
however have acquired new standmg as the result of the recent findings of 
Ciaffron,“ McAlister, “ Ruben, Hassid, and Knmen,® and others as to un- 
usual events durmg the first moments of fflummation or darkemng It is 
even pos^le that the bioelectric dianges, being rntrinacally very rapid 
(because based upon events in the protoplasm itself, before they can be 
detected outside) may give new information on these important pomta 

SUUUAHV 

The effects of hght upon the potential difference across the protoplasm of 
impaled UalKysiu cells are described These effects are very shght upon 
the normal p n , inaeasmg it 3 or 4 per cent, or at most 10 per cent, with a 
characteristic cusped time course, and a correspondmg decrease on 
darkemng 

Light effects become much greater when the pjj has been decreased by 
low 0, content of the sea water, hght restores the Pji m much the same 
time course as aeration, and doubtless acts by the photosynthetic produc 
tion of Oi There are m both cases anomalous cusps which decrease the 

” Osterboat, W I J Cert PhyM , 1937-38 SI, 707 
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P D before it nses Short hght exposures may give only this anomaly 
Over part of the potential range the hght effects are dependent upon 
mtensity 

Increased CO2 content of the sea water likewise depresses the p d m the 
dark, and hght overcomes this depression if it is not earned too far Re- 
covery IS probably due to photosynthetic consumption of CO2, unless there 
IS too much present Agam there are anomalous cusps dunng the first 
moments of illu min ation, and these may be the only effect if the p d is too 
low 

The presence of ammomum salts m the sea water markedly sensitizes 
the cells to hght Subthreshold NH^ concentrations m the dark become 
effective m the hght, and the p d reverses to a negative sign on fflummation, 
recovenng agam in the dark This is due to mcrease of pH outside the 
ceU as CO2 IS photos3aitheticaUy reduced, with mcrease of imdissoaated NHj 
which penetrates the cell 

Anomalous cusps which first cany the p d m the opposite direction to the 
later drift are very marked in the presence of ammoma, and may represent 
an mcreased aadity which precedes the alkaline drift of photosynthesis 
This aad gush seems to be primarily withm the protoplasm, persistmg 
when the sea water is buffered Glass electrode measurements also mdicate 
anomalies m the pH dnft 

There are contrary cusps on darkenmg which suggest temporarily in- 
creased alkahmty 

Even more complex time courses are given by combming low O2 and NH4 
exposures vuth hght, these may have three or more cusps, with reversal, 
recovery, and new reversal 

The ultimate cause of the hght effects is to be found in an alteration of 
the surface properties by the treatments, which is overcome (low Oj, 
high CO2), or aided (NH^) by hght This alteration causes the surface 
to lose much of its lomc discnmmation, and increases its electneal resistance 
Tests with various amon substitutions mdicate this, with recovery of normal 
response m the hght 

A theory of the p n m Hahcyslts is proposed, based on low mobihty of 
the orgamc amons of the protoplasm, with differences m the two surfaces 
with respect to these, and the more mobile Na and K ions 
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THE THEORETICAL RESPONSE OF LIVING CELLS TO CONTACT 
WITH SOLID BODIES 

Bv E. H. LYDDANE iuro OTTO STCHLMAN, Jh. 

{From the Laboratory of PhyncOt Universtiy of North CaroJina, Chapel BiU) 
(Rjccdved for publicatioD, Dece mb er 19, 1939) 

We have chosen the above title for this analysis since the following dis- 
cussion is an extension of an article by W 0 Fenn with the same title '■ 
Fenn’s theoretical analysis of the behavior of a hypothetical flmd cell m 
contact with a flat sohd surface was an attempt to solve the problem without 
usin g the mathematical fiction of a "surface tension ” From considerabon 
of the free surface energy of the cell, he showed that conditions of equilib- 
rium between a cell settling and spreadmg on a plane surface can be pre- 
dicted, completely, m terms of the contact angle between cell and surface 
Usmg the same method of attack he endeavored to show that in general, 
when a cell spreads over a sohd particle (mgestion of the particle by the 
cell) all equihbnum conditions could be predicted from a knowledge of 
the magmtude of the contact angle alone Unfortunately, "even with the 
expert assistance of a professional mathematician” he was not able to 
arrive at a general solution so that he linuted himself to a special case, m 
which the cell's diameter was four times the magmtude of the particle’s di- 
ameter, and discussed this m detail He toncluded that the particle cannot 
be completely mgested unless the surface tensions at the mterfacea are such 
that the cell m the same environment can spread to infini ty when placed 
on a flat surface of the same substance as the particle 

In order to simplify the analysis of the general case, about to be con 
sidered, we have reviewed Fenn’s discussion oi the behavior of a perfectly 
flmd cell m contact with a plane surface by means of a simplified solution 
Usmg the same notation adopted by Fenn we will assume the existence of 
a spherical cell C about to settle on a plane glass surface G, both completely 
immersed m plasma P Distortions in the cell due to the gravitation^ 
field are here considered neghgible 

We wish, as in Fenn’s solution, to consider the various positions that such 
a cell will assume as it settles and spreads over the glass surface. Fig 1 
shows the position of the cell in the act of spreadmg with the conventional 

1 Fenn, Vi O^J Gen PkysuH , 1921-22 1, 373 - 
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surface tensions acting at the cnciunference of contact between cell and 
surfaces indicated These surface tensions are not to be considered as 
actual forces Treatment of them as such is very hkely to lead to fallacious 
conclusions 

The ongmal sphencal cell is assumed to have radius fo In the act of 
spreadmg, the sphencal cell segment of height h (Fig 1) and glass-ceU con- 
tact area wa-, has a total area 

* = 2s 7^(1 — cos 6) = 2jrrA 


Plasrjio, P 



^ CP interfflce 

^GP intEr|o£& 


Glass S 



n**^P “ Ice Icp 

Fig 1 

composed of two parts, its cun^ed CP mterface and its arcular GC inter- 

7 2 I fjZ 

face Smee from Fig 1, r = — — it follows that x = Tr{Ji- -f- a-) The 

surface energy" of the cell after havmg been reduced to the form of a sphen- 
cal segment is therefore 

E = nr(A» + 0*) -b »rro= 

where ii = Tcp and m = + Tec - Tgp, the respective surface tensions 
at the mterfaces mdicated b}’- the subsenpts 

In order to mvestigate under what condibons the surface energy is a 
minimum, we must differentiate E with respect to h, the changing height 
of the cell as it spreads over the surface G In order to do this we must 
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express the radius a of the area of contact of Fig 1 m terms of h The 
volume of the spherical segment is at all tunes equal to the ongmal spherical 
volume of the cell Then 

J»r; - jr*(l - COJ »WJ + co» 6) 


Taking the radius rt of the ongmal sphencal cell as imity and substituting 
the values of cos fl as obtained from Fig 1 we obtain 

. S- *■ 

Hence 

E — mA* + rfa + «i) 

which upon differenbaUng with respect to h and equatuig to icro gives the 

eqmlibnum values of h for vanous values of — 

1 % 

4(» + <") •*(* '^») 

in — m . m 
2 


From this equation knowmg *n/n we can calculate the vanous equilib 
num values attamed by the cell in terms of its height h 
The contact angle between cell and glass surface as shown m Fig 1 and 
used m this solution is the angle ^ " 6, such that 


Coi A V cos 9 


f 4 + ** 


After substitutuig the previously obtained values of h in terms of 

ft 

one finds that the contact angle is determined by 

CmX - ~ 

n 

This relation descrfbes the position of the cell completely with respect to 
the plane surface for all values of h , 

Thus, when - = +1, cos ,4 = -1, A = 180°, and the cell is a free 
n 

sphere of diameter h ^ 2 umta. 'When — *>0, co3.4 -0, A - 90°, the 

» 
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cell is a hemisphere of radius /; = 1 26 units When — = -1 cos ^ = 

11 ’ 

+1, A — 0°j and the cell has spread to infinity, m reahty until it has 

formed a monomolecular layer Only values of — between +1 and ~1 

n 

can produce fimte spreadmg and the magmtude of the contact angle A 
for a given value of — descnbes the position of eqvuhbnum of the cell with 
respect to the horizontal plane 

It follows that the spreadmg of the cell is favored by an mcrease m the 

value of — — , that is, by a decrease in contact angle If for a given value 
11 

of — ^ an equihbnum contact angle has been attained as a cell spreads 

owr a plane, then a decrease m contact angle thereafter imphes that an 

1)1 

mcrease m the value of has been obtamed either by mcreasing —in 

1 % 

or decreasmg n To promote cell spreadmg we could mcrease —in This 
can be accomphshed by changmg the character of the surface G, perhaps by 
depositmg on the glass surface a monomolecular layer of a substance that 
changes the values of these mterfaaal tensions, i e , “sensitizmg” the 
surface 

Using the same analysis as outhned above we may proceed to calculate 
the relative surface energy of a sphencal cell at vanous stages of mgestion 
of a sphencal particle It wiU be shown that m general one only need know 

1)V 

the vanation of the magmtude of the contact angle m terms of — — to be 

able to predict the depth of penetration of the partide mto the cell for any 
given ratio of particle and cell diameter 
In Fig 2 let C be a ceU of radius r and G the particle of radius g G \s 
represented as partly mgested by the cell, resultmg in a contact angle A 
between the cell-plasma (CP) mterface and cell-glass (CG) mterface 
The volume mgested (shaded area) is composed of two sphencal segments 
of total volume 

- r^(l - cos ¥>)*(2 cos p) -k 7 g’d - cos fl)‘(2 + cos 6 ) 

3 ^ 


where 


rsin p •=» f sui 6 


(1) 
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If the onginal volume of the cell is t sri, then through the progressive 
mtrusion of G, a cell of radius r > ro is bemg produced. The ongmal 
volume 4 irrJ has therefore been mcreased by the sum of two sphencal 
segments, such that 


— CO»»)’(J + CMp) + J |'(1 - CM»)*<2 + COl9)J 


( 2 ) 


As before, we will let the magm 
tude of To, the radius of the un 
distorted cell, be umty The 
total surface energy of the system 
may then be expressed as 

B - 2nir»(l + cos,.) + 

2t»ii*(1-cm») (3) 

Smce we are mterested m 
establishing the depth to which 
the particle smks mto the cell, 
we will choose 6 as the mdepend 
ent vanable and mvestigate the condiPon for minimal surface energy at 
dE 

equilibrium, when — “ 0 The result of differeotiatmg relations 1, 2, 
ad 

and 3 gives equations 4, 5, and 6 



r + f CO* "• ten 9 

0 • {4 — (1 — CO* rWJ + CO* y))r* ~ — r* »in* r ^ + r* *Jn* 0 
d$ d$ 

dr . dm 

0 — — (I + CO* i») — 2¥i*r* *mr-r + 2«p»x*iln 

6B c9 

dip dr 

After elimmating 7 ; and — we get 
oo dd 


( 4 ) 

(5) 

(6) 


.rin^co*® m iln^^co*® 

r*g rin — X* ain* 9+ T*t 

CO* f n CO* ^ 


Substituting values of r from equation (l) we get 


rin 0 ^co* (0 + r) — ^ J - C 


(7) 


(8) 
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Hence 


m 


cos (^ + < 5 ) = — 


Since from Fig 2, 0 ^ — t — A, where A is the contact angle, 


cosA *= 

n 


(9) 


( 10 ) 


Just as m the case of the cell spreading over the plane surface, so here 
the cosme of the contact angle A (Fig 2) descnbes completely the position 
of the particle with respect to the ceU as it is progressively ingested, through 
spreading of the cell over the surface of the parbcle 

VI 

Then when — — = — 1, cos A = —1, A = 180°, the cell is a free sphere 
w 

^Vhen 0, cos A — Q, A 90° Under the circumstances no in- 

formation can be obtamed about the penetration of particle into the cell, 
unless the ratio of the particle to cell diameter is known If, however, as in 
Fenn’s case, the ratio of the radu is assumed as ro/g = 4, then the depth of 
penetration of the particle mto the cell for A = 90° is 0 The particle 
has penetrated to nearly j of its diameter The particle is completely 

VI 

immersed m the cell when = -fl, ^ = Oat eqmhbnum This is also 

n 

borne out by Fenn’s speaal solution, = 4 
The preceding analysis gives complete informabon on the eqmhbnum 
configurabon of the system, for any relabve sizes of cell and parbcle but 
does not teU any thin g about the eqmhbnum or non-eqmhbnum values of 
the surface energy This lack can be remedied if the cell diameter is large 
m comparison with that of the parbcle, ro > g, m which case one can obtain 
an exphat approximate expression for the dependence of the surface 
energy F on the contact angle A or on 0, the angle measunng the depth of 
penetrabon of the parbcle 

Let g/ro = X, r/ro = a, then from equabon (7) 

aJ = 1 + ^ (1 — cos 0)H2 + cos 0) + J (1 — cos v)*(2 + cos p) 

From equabon (l), a sm ^ = X sm 
Ekmmabng ^ between these two equabons we get 
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from which, neglectjng powers of X higher than the fifth, 


( 11 ) 


a — l+'^d — coteyo + COTfl) +ix‘«lli* 9 

12 lu 

Then 

E - 2ir;»|2+"x’(l - CM9) - + j(l - cm 8)KJ + co« 6) + gX* "in* «| 

In order to obtain a check against Fenn’s special solution for the value of 
rj/g « 4 we have plotted the surface energy as obtained from equation (11) 
m terms of 

(1 — cot 9) » - 

l 

Kg 3 shows these results It will be noticed that our curves are to a good 
degree of precision idenbcal with those obtained from Fenn’s (1) solution 

As for instance when — — = 0, the surface energy is a minimum when the 

ft 

particle is imm ersed m the cell to a depth h/g «=(1 — C05fl) = 079, then 6 
= 78° and /) = 0 79/4 0 20, while Fenn’s data show y => A ■= 0 214 for 

— — = 0 at this pomt of minimum energy 


For values of — = 0 613, Fenn finds that the state of minimum surface 
n 

energy is attained when the particle is immersed to a depth y ■ A = 0 375, 
while our solution gives A = 0 357 A final comparison between the two 

Eolubons can be made by companng the minimum energy values for — — 

n 

= 0 772 Fenn obtains y » A ■= 0 425, while our value for A is 0 410 
We may conclude that for - as amah as 4 (Fenn’s case), our approximate 
but general solubon is qmte near the exact solubon It will of course 
approach more closely to the exact solubon the larger - becomes 

z 

In Fig 4 are plotted with the aid of our general solution energy values 
for r%/g »= 10, as a function of depth of penetration of the particle into the 
cell This case illustrates a common situation met m phagocytosis in which 
a cell IS ten times greater than the particle to be mgested Similar con 
ditions exist when a particle in the form of a Staphylococats aureus of 
average diameter from 0 7 to 1 is about to make contact with a large 
mononuclear lymphocyte with average diameter 12 to ISfx In this case 

the solution for 10 would describe the physical ingesting situation 
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Fig 3 


g 

Fig 4 


These graphs shorr how the surface energ)^ expressed in relative units, vanes as the 
particle progressively penetrates the cell, absnssae /;/g mdicating the depth of penetra- 
tion of the particle The partide is half inside the cell for /i/g *= 1, and completely 
immersed for h/g ^ 2 The increasing values of vi/ii indicate the increase in avail- 
able energ)^ for ingestion due to a change m character of the surface of the partide (or 
of the cell) to a point (- w/« = +1) where the particle may be completely covered 
by the spreading cell due to the available surface energy alone Broken hnes beyond 
the minimum mdicate that the cell may ingest the particle completely to a point h/g « 2 
if the cell can obtam the energy to complete the process 

Note that the scale of energy umts for ro/g = 4 is five times as great as ro/g = 10 


very closely Fig 4 shows how the energy of the expanding cell, as it 
progressively ingests the particle, passes in every case through a minimum 
at some specific depth of penetration This depth of penetration is ex- 
pressed on the absassa m terms of h/g Note that the particle is free for 

= +1 and completely surrounded by the ceh at eqmhbnum when 
n 

J— = -1 These two extreme situations are common to all cases of in- 
gestion and are determmed exclusively by the value of the contact angle 
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Intermediate values of — — are of aaentific importance They show that 

n 

the energy can be a minimum and m equilibrium at any partial state of 
mgestion depending on the surface energy of the system, further mges- 
tion being impossible unless the cell draws on some other source of energy, 
when it could complete the mgestion along the broken curve 
Table I shows the progressive decrease m surface energy with changes m 

magmtude of — for ro/g >= 10, at positions of stable equilibnum Interpo- 
lation of the data shows that the particle can be m equilibnum, though 


TABLE I 

Cakuhted Values oj iltmmum Surface Srtergy, and ‘DepA of Fendraiton of a Particle for 


Vonems Valuet of — — — JO 


m 

• 

A 

utfltmy nnlu 

DtpOi of pcxKtntloo 

1 

+1 00 

0 

-18 67 

2 00 Completely In 

+0 75 

41 5 

-14 02 

1 70 

+0 SO 

60 

-10 15 

1 43 

+0 25 

75 5 

-6 92 

1 15 

+0 10 

U 

-5 32 

1 00 

0 00 

90 

-4 37 

0 90 

-0 50 

ISO 

-1 07 

0 43 

-1 00 

180 

0 00 

0 00 


Note that only about one-third of the energy is used to submerge the first half of the 
volume of the particle. A ia the contact angle in drculat degrees 


only half ingested when 0 10 The contact angle between particle 

ft 

and cell (cos ^4 = 0 10) is then A « 84® It is of epeaal significance to 
note that the contact angle is less than 90® when the particle is half sub- 
mergetL During the remainder of the mgestion the contact angle must 
swing from this equihbnum position to 180° for complete submergence 
A similar situation is encountered when cell to particle diameter is four to 
one, where at half immersion this contact angle is 81° For greater ratios 
of cell to particle diameter this contact angle at half immersion is progres- 
sively larger, becommg 90° for contact between a plane surface and half 
submerged particle 

It 13 possible for a cdl completely to mgest a senes of small partides 
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although It would only partly ingest a large particle of volume equal to 
the sum of the volumes of the small particles For example assume the 
existence of four particles of volumes Vi, v^, Vs, and Vi having radii ri, r-, 
f3, and Ti Their total volume is + D2 + i>3 + i>4 = V The surface 
energy of this large sphencal volume V is E - AttR^T while the surface 
energy of the four small sphencal volumes, for simphaty assumed to have 
equal radu, is e = 4(47rr^)r Smce the four small volumes shall equal 
the large volume, it follows that the radius R is (4)^/3 qj- \ 557 tunes as large 
as r Hence the surface energy available from the mgestion of the four 
small volumes if mgested successively is e = 47r(4)7’, while the single 
sphere of equal volume only has surface energy E = 47r(2 52 ) T Appar- 
ently then if the smgle large particle is just able to be completely ingested, 
it IS much easier for the cell to ingest a group of small particles, having the 
same resultant volume as a large single particle, provided they are mgested 
successively 

In closing we wish to jom Fenn ( 1 ) m emphasizmg Tait’s ( 2 ) conclusion, 
borne out by the above analysis, that only unstable cells tend to be phago- 
cytic When they have reached then stable minimum surface energy 
state with respect to their environment, no further mgestion can take 
place unless energy is expended by the cell to complete the mgestion, indi- 
cated by the broken Ime of Figs 3 and 4 

Through sensitizmg the surface of the particle, which imphes resurfaang 
the particle at least with a monomolecular layer with an mterfaaal surface 

tension depressant, the magmtude of ^ is made larger because of the 

decrease m the magmtude of n Under these arcumstances the particle 
can sTnk deeper into the cell before the equihbnum position is attained 
Fmally, if dunng mgestion the cell removes this monomolecular layer 
from the particle, so that the mterface PC develops a larger surface tension, 
mgestion will cease and the particle might be completely ejected because 
of the cessation of the spreadmg with subsequent contraction of the cell 
matenal 
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I 

For nniTTinlji with Simplex, structurally uncomplicated, visual systems 
the dependence of cntical mtensity I upon flash frequency F m reaction to 
visual flicker is described by a ainglt symmetrical probability integral m 
log I ' Vertebrates with duplex visual systems exhibit two such segments, 
overlappmg to vanous degrees The parameters of the curve are known 
to be modifiable as functions of the form of the hght-dark succession m the 
flash cycle, and the proporbon of light tune to dark time,* the retinal area 
exated,* the temperature,* and the wave-length composition of the hght,* 
and the state of visual adaptation • The theory of the ongm of this non- 
specific type of performance contour has been derived from the consider- 
ations that the magmtude of sensory effect (B) produced by the mterrupted 
bght at the point of response is proportional to F* and is measured by the 
integral of a frequency distribution of — / d(l/I) and consequently of 
6 log I* Sensory elements of exatabflity l/I contribute to sensory effect E 

'Ctoiict,W J,Wolf E , and ZemJm Wolf G 1938-39,/ Ctn RAymJ, SSI, 311, 
451, Croner W J , and Wolf E., 1938-39, / Ctn PkynoL, 22, 555 

* Ctoner, W J , Wolf E. and Zenahn-WoU, G 1937-38 J Ctn PAynrf , 21, 

313,463 

* C/ discnsaion and data in Croder W I , Wolf, E. and Zenahn Wolf, G , 1937-38 
/ Cm Pkynd 21, 223 

* Cromer W J Wolf, E and Zerrahn Wolf, G , 1936-37, J Ctn Pkynol 20, 

393,411 1938-39 22 , 311 1938, Proe Rat Acad Sc , 24, 216 Croiler W J , 1939, 

Froc Rat, Acad Sc 26 , 78, Croner, W J and Wolf E^ 1938-39, J Ctn Pkyswl , 
22, 487, 795 1939-40 23, 149 Proc Rat Acad Sc , 26, 171, 176, Croder, W J , 1940 
Proc Symp on Temp , InaL Phya , New York, In preaa 

* CJ Hecbt, S , and Smith E, L 1935-36 / Ctn PkyM , 19, 979 

‘ C/ Croner, W J , and Wolf E , 1939 BM BuU , 77, 126 

* Croder, W J Wolf, E and Zerrahn Wolf 1935-36, / Ctn Physiol , 20, 

411 1937-38 21, 17 ' » 

* Croder, W J , 1940 The theory of the vianal threshold, in preparation- 
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although it would only partly ingest a large particle of volume equal to 
the sum of the volumes of the small particles For example assume the 
existence of four particles of volumes Vi, Vo, Vs, and ^)4 having radii fj, fo, 
Tz, and ta Their total volume is Vi + va + dj + = V The surface 

energy of this large sphencal volume V is E = AirR-T while the surface 
energy of the four small sphencal volumes, for simphaty assumed to have 
equal radu, is e = 4(47rr-)7' Smee the four small volumes shall equal 
the large volume, it follows that the radius R is (4)^/® or 1 587 times as large 
as r Hence the surface energy available from the mgestion of the four 
small volumes if mgested successively is e = 47r(4)r, while the smgle 
sphere of equal volume only has surface energy E = 47r(2 52) T Appar- 
ently then if the smgle large particle is just able to be completely mgested, 
it IS much easier for the cell to ingest a group of small particles, having the 
same resultant volume as a large smgle particle, provided they are mgested 
successively 

In closmg we wish to jom Fenn (1) m emphasizmg Tait’s (2) conclusion, 
borne out by the above analysis, that only unstable cells tend to be phago- 
cytic When they have reached their stable minimum surface energy 
state with respect to their environment, no further ingesbon can take 
place unless energy is expended by the cell to complete the mgestion, mdi- 
cated by the broken hue of Figs 3 and 4 

Through sensitizmg the surface of the particle, which imphes resurfacmg 
the particle at least with a monomolecular layer with an mterfaaal surface 

tension depressant, the magmtude of is made larger because of the 

n 

decrease m the magmtude of n Under these circumstances the particle 
can sink deeper mto the cell before the equihbnum position is attained 
Fmally, if dunng mgestion the cell removes this monomolecular layer 
from the particle, so that the mterface PC develops a larger surface tension, 
mgestion will cease and the particle might be completely ejected because 
of the cessation of the spreadmg with subsequent contraction of the cell 
matenal 
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The requirements are excepbonaDy rigorous The outcome of the tests 
is a definite verification of the several expectations mentioned A further 
instance is thus provided of the analytical separation of the properties of 
metabohcally determmed 1// and of the purely statistical (distribution) 
factors producmg the form of the F log I contour, /i for I/I has already 
been shown to be mdependent of the form of the curve.* It is also of 
significance for the general theory of temperature dependence and of the 
ongm of the mvanance of temperature characteristics in the performance 
of biological Eystems 


n 

For these testa the responses of young turtles, Pseudemys scrtfla, ssp , 
are especiaUy advantageous ’• The f log 7 curve is simplex, the relation 
of 1/7 to temperature (with <1 — to) exhibits a critical temperature at 
29.5°, with a qmte high p from 12 to 30° (m — 26,700) and a much lower 
one (12,400) above 30°, the responses are sharp and precise, and mdividual 
differences m a lot of individuals provide mtemal evidence of the precision 
of the ob3ervationa.“ The nature of the temperature function is such as 
to give a real chance to detect even shght alterations which might be due 
to change of <i/1b were these to occur with this animal. Below 30° the 
plot IS steep, and the presence of the “break.” at 29 5° mdicates that two 
distinct processes are involved m the control of 1/7 
The procedure used and the methods of calculation have been de- 
scribed “ “ A group of 10 numbered mdividuals (3.24 to 3 66 cm carapace 
length) was taken from a larger number acclimated to laboratory conditions 
These same 10 were used throughout the present experiments At each 
temperature and light tune fraction three observations were made with 
each dark.adapted mdividual at each flash frequency used The means 
(7i) of the three readings of 7 for the 10 individuals are averaged and entered 
as 7» m Tables I and IL The P E of the dispersion of the mdividual 

obtained from the behavior of the value of log 1 uiln. for the probability mtegral relating 
1/c to log time, that fa of the chtonaxle r, provided , remains constant — aa it is 
observedtodo Otherwise the Arrhenius plot for log 1/1 w I/Pbi,.. cannot be rectlhnear 
if 1 ii the tune for cxatadon by a fixed nugnitude of current. 

*“ Ctoxler W J., Wolf, E , and Zerrahn WoU, G , 1938 Proc Nat Acad Sc , 21, 
m J16 1938^39,7 Gen Pljjfol, 22, 311 

“ Wolf, E, and Zerrahn WoU G , 1935-36, 7 Gen Pkyiht , 19, 495 Cromer, W J , 
1935-36, 7 Gen PhyAoh 19, 503 

” Croxier W J , Wolf, E and Zerrahn WoU, G , 1936-37, 7 Gen PhytiN , 20, 
111, 393 1937-38 21, 313 363 
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VI 


lEMPERATUEE AND RESPONSE TO FLICKER 

mMDs is also given Certain properties of tins vanation are discussed 
subsequently. 

The methods used to control temperature^ “ and hght-bme fraction^ iave been 
descnbed The temperatures employed rrere arranged m random order Check 
observations assured that even at 36° and at 12° as extreme adaptation temperatures 
the effects ivere freely reversible The behavior of the turtles m providmg the response 
signifjung the estabhshment of the critical mtensitj'' has also been discussed,^® it is to be 
added merely that with decreasmg /t, as with nsmg temperature, the vigor and amphtude 
of the responses is found to mcrease This has no effect on the vanabihty of cntical 
mtensify (cf Figs 8, 9) 

In all of these experiments we have found it necessary and important to begm each 
set of observations with dark-adapted animals Accordmg to Birukow” this is not 
required for the turtles Emys and Teshido We have pomted out that, for crayfish and 
frogi hght adaptation reduces the F range and mcreases the critical intensities,'^ and 
that this produces a profound contrast m the F-log I curves gotten for frogs by Birukow'^ 
and by our procedure F or man it is well known that the critical flash frequency is a 
vety definite (and superfiaally complex) function of the level of photic adaptation 
The pomt is easily demonstrated quahtatively for Pseiidewys Fseiidemys were adapted 
for 30 itunufes under hght of ca 6,550 ml on a white background and surrounded by 
white walls They were then tested for response at F == 20 At this temperature 
(21 5°), log for the cntical flash mtensity = 2 204 when the animals are previously 
dark-adapted T\Tien exposed for hght adaptation the head was always extended and 
the eyehds open, so that full adaptation was assured On transfer to the apparatus for 
testmg flicker response the turtles are restless, but good responses by the standard pro- 
cedure can be observed after 10 to 20 seconds Successive readmgs of the cnUcal 
mtensitj' get gradually smaller as the effect of hght adaptation wears off Data on 4 
mchviduals, givmg successive measurements (log 7) up to 2 mmutes after removal to 
the apparatus, illustrate this 


Animal Ko 

1 

2 

3 

4 


2 90 

2 86 

I 05 

I 08 


2 87 

2 70 

2 85 1 

i 02 


2 75 

2 68 

2 72 

2 86 


: 2 83 

2 65 

2 56 

2 78 


2 65 

2 40 

2 38 

2 67 


2 45 


2 34 
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Birukow, G , 1937, Z rergletch Phystol , 25, 92 

L^-thgoe, R. J , and Tansl^', K. , 1929, Grcal Bntatn lied Research Cotinctl, Special 
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Fio 1 The apparatus produang flicker by rotation of a stnpcd cylinder A a 
cylinder (Inside diameter 14 5 cm) the one shown has 40 opaque stnpes The animal 
under observation is in a cvlmdrical dish of thin glass withm the c> Imder The c> linder 
in its holder B is driven through a gear «>8tem b> the variable speed motor C coar^ 
and fine rheostats D and E adjust its speed The preasion magneto F is geared to the 
same shaft the voltage it dcvelopa read on the miUivoltmetcr C gives the rotation 
frequenci of the evUnder in terms of cabbration charts for the diflercnt gear systems 
used Light from a lamp on an optical bench is admitted through the square diaphragm 
at U controlled Qt / a vernier scale (DIuniinated b> u^ of a foot switch) can be read in 
the telescope J to give the diaphragm-opening and thus by i\'a\ of calibration charts the 
intensity (within the cylinder) due to a flash The light is reflected \’erticallv bj the 
plate mirror A and i» then horuontaUi diffused bj the oiide-coated cone L, The 
bench If Is for recording and monilonng the c> Under speed During obsenTTiUons the 
curtain N excludes light from red pilot lamps there being no other illumination in the 
dork room (Thermostat tanks for dark adaptation are immediatelj at the nght ) 


The effect of proper preUmtnar> dark odaptation m slabdixing the cntical Intensiti 
and the direction of the shift under Ught adaptation are therefore the same with Pje» 
demys os with other animals 
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It IS worth recording that on one occasion two successive sets of observations were 
found to be discordant by a small amount, about 0 1 log unit, this was traced to the 
previously unnoticed drift of the thermostat temperature owing to the “sticking” of the 
regulator, the amount being 0 3° In another case a slight error in the construction of a 
particular striped cylinder was found to be responsible for a persistent 0 2 log unit shift 
in the value of for (l/Id = 9/1 at 2^ = 10 Unconscious experiments of this sort 
illustrate the kind of precision possible in these experiments if rigorous attention is given 
to their details 



For technical reasons^ it is difficult to obtain light-time ratios greater 
than 9 1 or less than 1 9, and wnth these the complete response contours 
cannot be measured These limitations arise because of the difficulty of 
preparing striped cylinders'^ x\nth the necessary accuracy and because flash 
intensities above antilog 2 3 milhlamberts cannot be controlled with pre- 
cision in the apparatus (cf Fig 1) Since, however, the form of the F-log 
I curve does not change with temperature we are able to use // - 0 1 
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and 05 at any fixed flash frequency F (below F » 
data at cylinder rotation speeds which are favon 
minations at various temperatures. On the other ha 
can be gotten over essentially its whole range at 21 
0 75 We shall consider these measurements first, 
establish the generahty of the rules already found for 
(dragonfly nymph) and Enmacanthus (sunfish) • 

TABIX I 

Cntlcal fluh intmsitie! (as log mean / mllinamberta) ^ 
Psetidcmyi at 215°, for vanoua flash frtquenaes, with the p 
in the flash cyde at 10, 25, 7$, and 90 per cent, ralnei of . 
Figs 2 and? 
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Table I contains the measurements from which 
Pseudemys F log I contour m terms of the light tin 
temperature may be deduced It is apparent frot 
.diHuc and Enneacanthu^ the abscissa of inflection 
the maximum F mcreased when the percentage light 
IS reduced. It is also clear, as In the previous ca 
affected (Fig 3) Fig 6 shows that, agam as be 
related rectilmearly when ft is changed (For the i 
ft «» 0 1 and 0 9, was found with the help oi 
the computed positions of the pomta m Fig 3 were 
eanty with the values of t' us^ m Fig 4 and with 


538 


TEMPERATIERE AND RESPONSE TO FLICKER Vl 


showing that o-'iog j is mvanant ) The relations of and t' to the 
percentage hght-time are shown in Figs 4 and 5 They are essentially 
rectdinear, as with Atiax and Emieacanthus * The proportionahty con- 
stants are not the same as m the other cases, however, mdicatmg that these 
constants depend on the nature of the visual system m each instance — 
although the several proportionahty constants for r' vs 100 + to) 

do not differ very greatly 


IV 

With h = to it was found that log (1/7) at fixed F obeys the Arrhemus 
equation as a function of temperature ^ For certam fishes the same tem- 
perature charactenstic ju obtams over the entire usable range of temper- 
atures,^^ for other forms,*® includmg Pseiidemys,'^^ an mtermediate cntical 
temperature is observed The calculation of n is made from the slopes 
of the hues on plots of log (1/7) 1/Tobs Only in very rare mstances 
are such plots curvihnear, then reqmrmg further analysis We have 
already indicated that if the chemical control of excitabihty is to demon- 
strate the operation of govermng mechamsms with the properties of simple 
catalytic reaction veloaties, then the slopes of the p, plot for 1/7 must be 
mdependent of the hght-time fraction m the flash cycle The data of 
Table 11, plotted in Fig 7, show that this reqmrement is satisfied 

In Fig 7 log (l/7„) IS given as a function of l/Fsbi It is apparent that 
m the immediate neighborhood of 30°C there occurs m each senes a sharp 
break m the graph, and that on either side of this pomt the slopes are 
identical for all three values of the percentage hght-time The magnitudes 
of p computed from the slopes are 12,400 cals above 30° and 26,500 cals 
below 30° These are identical with the results previously gotten*® for 
fi, = 0 5 at F = 20 and F = 30 With respect to ^r, as with respect to F, 
the temperature charactenstics are mvanant If this were not the case it 
would follow either that the conceptions of the two different modes of 
action of tv and of temperature on the morphology of the F-log 7 curve 
are miperfect or mcorrect, or that the theory of the nature of temperature 
charactenstics is madequate, — ^if not both 

A speaal pomt mvolves the use for this test of a case m which, as m Fig 7, 

** Crozier, W J , and Wolf, E , 1939, Frac Nat Acad Sc , 26, 171, 176, 1939-40, 

J Gen P/tysiol ,23, 143 

Crazier, W J, 1939, Proc Nat Acad Sc, 25, 78, Crazier, W J , and Wolf, E, 
1938-39,7 Gen Physiol ,22, 437 

*9 Crozier, W J , 1939, Proc Nat Acad Sc , 26, 78, Crozier, W J , and Wolf, E , 
1938-39,7 Gen Physiol, 22, 795 
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there occurs a ''break” m the Arrhenius plot Theory here demands^®'® 
that there be involved two different, linked, processes which by virtue of 
some physical change associated with a cntical temperature are respectively 



Fig 6 The asymptotic maximum ordmate ) givmg adjustment of each senes 
of observations on the probabihty grid (Fig 3) dechnes m rectihnear relation to the 
mcrease of the abscissa of the inflection pomt (r') 


TABLE n 

Cntical flash mtensities, as log (milhlamberts), with log P E i, for response of 
Pstudemys at flash frequency F = 25/sec , with hght-times {ti) = 10, SO, and 90 per 
cent of the flash cycle, at vanous temperatures (Fcon), three observations on each of 
the same 10 mdividuals at all pomts See Figs 7 and 8 (Three sets from previous 
measurements*® at (l = 50 are given for comparison ) 



iL • 

= 10 

50 

90 per cent 


log /m 

log pn 1 

log/m 

log pn I 

log/n 

log pn 1 

12 2 

2 6695 

3 0124 

i 3272 

3 8674 

0 0162 

2 4038 

15 07 

2 6164 

3 0394 

i 1695 

3 7222 

i 8761 

2 2014 

18 03 

2 3098 

4 7458 

2 9441 

3 3105 

i 6779 

2 0469 

21 5 1 

2 0719 

1 

4 6549 

2 7090 

2 7097 

2 7016 

3 2499 

3 3579 

3 6671 

i 4697 

3 8392 

23 95 

3 8968 

4 2882 

2 6176 

3 1136 

i 2426 

3 6863 

27 7 

3 6221 

5 9802 

2 2763 

4 8584 

i 0237 

1 3 5594 

29 50 

3 6462 

1 

4 0175 

2 1711 

2 1784 

4 5508 

4 6392 

2 9016 

3 2744 

31 32 

3 4661 

4 0195 

2 1186 

4 7534 

2 8361 

3 2903 

32 80 

I 3 4204 

5 8364 

2 0692 

4 6088 

2 7873 

4 9817 

34 30 

3 3936 

4 0622 

3 9836 

4 4241 

2 7366 

3 2358 

35 83 

3 3288 

5 9339 

3 9410 

4 4145 

2 6983 

3 1676 


m control on either side of the cntical temperature The reahty of this 
break is amply evident m Fig 7 It would not be surpnsmg to find that 
the use of an additional vanable, such as the hght-tune fraction, would 
shift the mtercepts of the two segments of the graph to different extents 













Fio. 7 Log (1//0 M a function of l/r»u.i for three values ol 
time, It one fljtsh frequency (F — 25/5ec.) see T^ble II The 
other side of 29^ + give m " 12 400 and 26,500 caia. These 
It ■■ 10 50 and 90 per cent 
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An effect of this kind is quite obvious in the case of the data on the sun- 
fish 18 the relative positions of the low and high temperature segments 
are not the same for the ‘hod” and “cone” portions of the duplex P-log 
I curve Other mstances are known ^ This could brmg about a slight 
shift m the critical temperature as h is altered, such as is seen in Fig 7 
It could also appear m a difference between different lots of individuals 
(While it IS not our desire to emphasize in any way the shght differences 
found m Fig 7, it is perhaps legitimate to suggest that by the systematic 
use of additional vanables m other cases hght might well be thrown on 
the nature of the phenomena operating at critical temperatures ) Before 
this can be evaluated, however, it is necessary to consider the variation of 
/i as a function of II and of T We have aheady shown that slight indi- 
vidual differences tend to persist m Pseudemys for longer tunes than we 
have noticed with any other anunals we have tested 

V 

It was shown for the lot of Psetidemys previously used*® that the variation 
of h, measured by P E was rectilmearly related to Jm, and was appar- 
ently independent of temperature In earher experiments with Anax and 
sunfish It appeared that for any level of I„ the vanation of h was shghtly 
greater at an intermediate temperature than at the two extremes * It is 
not so m the present data, which may be due to improvement of technic 
or other causes This can be tested more completely m the present data, 
with particular reference to the fact that mdependent evidence may be 
obtamed as to the sunphaty or complexity of the processes controlhng l/I 
Simphcity of the controlling process over a given range of temperatures is 
implied by the constancy of pi and by its invanance with respect to h, 
In' a case where complexity of control is reqmred by the inconstancy of fi 
the vanation of h is definitely not a constant percentage of This 

supphes an empirical test of the idea that constancy m the relative van- 
ation of performance, under changed values of experimentally independent 
vanables affectmg the measure of performance, necessanly indicates 
sunphaty of the controlhng process, smce these independent vanables 
must then be conceived to affect all the elements of the situation in the 
same proportionate way The sort of orgamzation making this result 
possible IS to be defined operationally as sunple, in virtue of its umtary 
character 

20 C/ Crozier, W J, 1934-35, / Gen Physiol, 18, 801, and expenments with the 
effects of low temperatures, as j et unpubhshed 


W ; CEOZIEU AKD ERNST WOU 


543 


It also appeared, however, that the raw variation o£ h was m part 
influenced by the fact that the individuals of the original lot of 10 tended 
significantly to maintain their relative eiatabihbea from day to day The 
rfile of this property must be examined m the present case also We will 
first consider the gross PiE figures given m Tables I and If 
Fig 8 shows that with temperature constant and the percentage hght 
time vaned, the rule of direct proporbonahty between PJ5 1 and is not 
distorted, the same is now shown in Fig 9 for the variation of both <z, 
and temperature The bands are essentially identical, the proportionahty 
factor i m J, •= it(P E „,) is the same, and does not differ significantly 
from that already on record for the first lot of Pstudemys with temperature 
and P as variables Consequently the homogeneity of the process meas- 
ured by 1/r as an mdex of eiatabOity, with respect to the significant 
relationB to flash frequency, hght tune ratio, temperature, and critical 
mtensity, is objectively confirmed 

When the relative sensitivities in the set of 10 Pstudemys are erammed 
it 13 observed that, as before,“ these are not distributed at random Indi 
viduals 5, 1, and 9 tend to be much more consistently at one end (5, 9) 
or the other (1) of the sensitivity rank order than do the others Thus 
the mean rank order number of No 5 In 36 sets of measurements with 
temperature and (i/la vaned is 1 67, of No 1 it is 8 26 (No 5 happens 
to be the small est mSividual, carapace length 32 4 mm , but for the others — 
32 8 to 36 6 mm. — there is no correlation with sensitivity ) With these 
two and No 9 excluded, the rank order numbers of the others are prac 
bcally random. The mdividual rank order numbers have no relation to 
the order of use m a senes of readmgs In the second lot of 22 sets of 
measurements, with tt/tn vaned at 21.5°, the mean rank order numbers 
for No 5 and No 1 are respectively 1 44 and 8 12 The differences of 
these numbers from the random mean 5 5 are 6 to 8 tunes the P E of the 
differences, and arc consistently exhibited For this lot, also, mdividuals 9 
and 10 persistently retam them relative sensitivitie* The others vary at 
random, so far as can be told within the small span of cntical mtensibes, 
but Nos 1 and 9 are consistently the least sensibve while S and 10 require 
the smallest cntical mtensibes If we take Nos 1 and S for purposes of 
illustTabon we find (Fig 10) that the plots for Nos 1 and 5 are quite 
parallel, but that the juncbon of the two secbons of the graph is shghtly 
different It is clear that if a large number of determmabons were avail 
able for a smgle mdividual they would form a band with a bend centering 
at 29 5° or a httle above. This explains why, with a small number of 
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Fio 10 Lcg(l//i)Ti l/r»b« forthetwoino5tdiitmctlydiffcrentofthcl0Individu«ls 
from whkh averages (l//«) are used in Fig 7 See texU 
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determined pomts, the region from 28° to 36° is bound to be more uncertam, 
as m Fig 7, than elsewhere A further fact is of course that in the obser- 
vations made on one day, at one temperature, there is a measure of con- 
sistency in the direction of departure of all the readings from the general 
hne of central tendency (cf Fig 10) This may m part only be due to 
properties of the apparatus 1 “ The greater spread of the points at /x, = 0 5, 
inadentally, is consistent with the data in Fig S 
These considerations go some way toward accountmg for the systemabc 
departures, shght as they are, seen m the plots of 1/I„ (Fig 7), but it is 
also to be recogmzed that the parameters of the F-log I„ function also 
vary shghtly from one animal to another This has been illustrated be- 
fore,^® the same kmds of mmor differences appear in the detailed records 
of the present experiments 


VI 

The theory of the meamng of the quahtative relations of the F-log I 
curve to temperature and to the hght-dark ratio respectively has been 
conceived m the foUowmg way 

The temperature controls the veloaties of specific catalytic processes 
which govern exatabiht)’-, the exatabihty is measured by 1/I„, where 
is the mean cntical mtensity for response, the sensory effect produced at 
this level is proportional to F, consequently, for dF/d log J constant, 1/Im 
has the physically appropnate relation to temperature, the shape of F vs 
log I IS not a function of temperature, hence at any F the same temper- 
ature charactenstic holds for 1/Im This means that m terms of the 
denvation of the form of dF/d log I the total number of potential elements 
of sensor}’- effect mvolved is mdependent of the temperature, while the ease 
with which they can be aroused (m terms of mtensity) is dependent on the 
temperature In other words, we have to do with a frequency distribution 
of —k'l d{l/I) m which k' is mdependent of temperature but 1/7 is not, for 
a given kind of animal It is to be remembered that 7 is the intensity for 
exatation, or rather that the number of elements m a particular d log 7 
class gives the appropnate normal occurrence for this value of 7 — the 
number of umts of effect produced m the mterval (l/7o -f d(l/7)) — (l/7o), 
where l/7o is a function of temperature Consequently F„ai and Cioc j are 
not affected by temperature 

On the other hand, when the hght-dark ratio is altered it must be sup- 
posed that k' IS a fimction of the dark-tune fraction The frequencj' with 
which flashes of a given intensity, at the cntical flash frequency F, serve 
to produce umt sensor}’- effects in elements of exatabihty 1/7 is greater 
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the longer the dark tune fraction Hence, at given T, F m higher, and 

F greater, in proportion to lengthening of the dark tune fraction If 

this effect is one involving k', not 1//, then the temperature characteristics 
for I/I must be the same for all levels of the hght-dark ratio This has 
been shown to be the case On any other theoretical basis this land of 
result is apparently impossible It amounts to an analytical separation 
of the properties of the two factors mvolved m the production of the fre 
quency distnbution of the elemental sensory effects of which the F log I 
contour is the mtegral The two factors have to do with the eiatabihhes 
of the effects, and with the frequenaes of then occurrence as a function of 
mtensity It has been argued that the basic exatabihbes form some sort 
of a frequency distribution of d(l/I), but that over a finite time mterval 
the number of elementary effects gotten by critical mtensity I from ei- 
atabihties momentarily m the class [l/I. + <1(1/1)] — [1/7,] will be a 
declinmg function of 7 , such that this number -= —k'l, unless the condl 
tions of exatation are changed When they are changed by mcreasmg the 
dark time fraction the effects are exactly of the kmd produced by enlargmg 
the retinal area mvolved, as already emphasised ■*' Fa^ is mcreased, t' is 
decreased, but (for a homogeneous area) </\^ t is constant The reason 
13 that with a longer proportionate dark tune the chance of any flash 
encountermg a potentially exatable unit m a non refractory state is m 
this degree maeased The mtegral of —k'l 5(1/7) is that oi k'<i log 7 
Clearly, it is with this k' that purely photochemical (or photoelectnc) 
considerations must be primarily concerned, and cunously enough not 
with l/I It IS of course consistent with this that ior / is constant and 
independent of the dark time fraction, and that Talbot’s law does not 
apply to marginal flicker * 

Parallel cases arc provided by certain other properties of homogeneous cellular popu 
lations Two may be oted briefly When, with a given Intcrelectrode distance, the 
strength duration curve for excitation of a nerve Is determined at two temperatures, the 
curve of 1/C cr log 1 Is a probabflity integral in which the maximum value of 1/C Is 
greater at the hi^cr tempemture and d less, although o’],, , is the same.” Increase 
of temperature makes more of the elementary cxdtabihty umts available (In this case 
enlargement of area by further separation of the electrodes does the same thing for 
(I/C)„i. and but mcreases ir'i,, , because of greater variability in the population 
of units ) 

A second case is more obviously pertinent. The photosynthctic activity P of green 
plant cells measured by the Os libOTted m a fixed finite time, gives a log probubflity 


Crooer, W J , Wolf and Zerrahn W'olf, G , 1937-38, J Gen PkySid »1, 223 
” Croxier, W J , 1937, Proc. N<F Acad Sc ,33, 71 
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integral in terms of [CO 2 ] If the mtensity of illumination 7 is mcreased, increases 
and (i e log [CO 2 ] at the inflection pomt) is decreased, m direct proportion to I The 
higher mtensity increases the frequency of worL done by each element whose momentarj^ 
threshold is m terms of dl/[C02j On the other hand, when [CO 2 I JS vaned, the T’-Iog 7 
contour merely changes its ordinate scale butr'is unaltered the amount of work done by 
each element is then mcreased, not its frequency 

The proportionahty constant k' has another ascertainable property 
bearing upon the notion that the effect of the dark-tune ratio is to be taken 
as involving a frequency of excitation This is most simply seen if we 
consider log I at the inflection pomt (that is, our r') We have it expen- 
mentaUy that at constant temperature 

r' = -CitD {iL + Id) + c, (Fig 5) 

With fi/fr constant we have 

r' = Ci/T + C 4 (Fig 7) 

We can therefore compare the efficacy of (1) the dark-time fraction and 
(2) temperature m produang the same kmd of shift m r' For a given 
change Ar' the necessary change m the dark-time percentage is a dechmng 
rectihnear fimction of the change m l/T required to produce the same 
change m r' This is the kmd of relationship to be expected if the per- 
centage dark-time is proportional to the loganthm of a frequeticy This 
could easily be the result if the dynamic equihbnum in percentage of non- 
refractory umts IS the outcome of opposed unlike processes respectively due 
to exatation and recovery of units m which the mtrmsic excitabihty 
fluctuates 

The problem here can be phrased m a shghtly different form Suppose 
that the task had been set to ascertam the temperature charactenstics of 
the percentage hght-time reqmred to produce constant performance in the 
visual reaction system of Pseudeinys If the flicker response contour were 
to be used, a natural reference pomt would be the inflection of the curve 
We could then measure at different temperatures the value of the hght-time 
fraction reqmred to activate 50 per cent of the elements at the same fixed 
value of log I The calculation is easily made graphically, or numencally, 
on the basis that the slope of r' vs h. m Fig 5 is known to be the same at 
all temperatures It is obvious that under these conditions the temper- 
ature characteristics for II {it -f- at F = 0 5 Fmax must be identical 

-*A more complete account of these questions mil appear in another place, cf 
footnote 5, and ® 
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m magnitude with that for 1// at any fixed F and smce the hght- 
time ralto is clearly a loganthmic quantity 

We are grateful to Mrs. E Wolf for her continued assistance 
EtnOlASY 

For the turtle Fseudemys smpia the temperature charactensbcs for 
exatabihty of the response to visual flicker are found to be independent of 
flash frequency F, flash mtensity 7, and proportion of light time m the 
flash cycle The maximum F to which the flicker response contour (F vt 
log 7) rises, and the abscissa of its inflection, are rectilinear functions of 
the percentage hght-time in the flash cycle, but p for 1/7 at any flash 
frequency is the same with different values of the percentage hght-time 
(10 to 90 per cent) 

These facta, together with the properties of the variation of the cnbcal 
mtensity, objecbvely demonstrate the essentially simple or umtary char 
acter of the controlhng events m the mechanism govertung the exatabihty 
They also provide a means of further lUustrabng a procedure whereby 
certam statiabcal factors m the performance of a populabon of umts may 
be analytically separated from exatabihty properbes common to all of 
the individual units In particular, it is of general significance that it 
can be seen how it is possible for biologically exhibited frequenaes or rates 
of performance to provide ample and physically significant relabons to 
temperature, despite the fact that this performance may mvolve, almost 
mevitably does mvolve, the mtegrated actions of many mdividual umts 



548 


TEMPERA!' UKE AND RESPONSE TO PLICKER 


integ^ m terms of [COj] If the mtensitj^ of illumination I is mcreased, increases 
and r' (t c log [CO 2 ] at the inflection pomt) is decreased, m direct proportion to I The 
higher mtensity increases the frequency of work done by each element whose momentan^ 
threshold is in terms of cfl/[CO;] On the other hand, when [CO 2 ] is ^ned, the P-log I 
contour merel3 changes its ordmate scale but r' is unaltered the amount of work done b} 
each element is then mcreased, not its frequencj’^ ^ 

The proportionalit}^ constant k' has another ascertainable property 
bearing upon the notion that the effect of the dark-tune ratio is to be taken 
as mvohnng a frequency of esatation This is most simply seen if we 
consider log I at the inflection pomt (that is, our r') We have it expen- 
mentally that at constant temperature 

t' = —Clio {Iz, + /n) + Cj (Fig 5) 

\^flth constant we have 

r' = Ci/T + Ct (Fig 7) 

We can therefore compare the efficacy of (1) the dark-time fraction and 
(2) temperature m produang the same kmd of shift m t' For a given 
change At' the necessary change m the dark-time percentage is a declining 
rectilmear function of the change m 1/T required to produce the same 
change m t' This is the kmd of relationship to be expected if the per- 
centage dark-time is proportional to the logarithm of a frequency This 
could easily be the result if the dynamic eqmhbnum m percentage of non- 
refractor)’' umts is the outcome of opposed unlike processes respectively due 
to excitation and recovery of umts m which the mtrmsic exatabihty 
fluctuates 

The problem here can be phrased in a shghtly different form Suppose 
that the task had been set to ascertam the temperature charactenstics of 
the percentage hght-time reqmred to produce constant performance m the 
visual reaction system of Pseudemys If the flicker response contour were 
to be used, a natural reference point would be the inflection of the curve 
We could then measure at different temperatures the value of the hght-time 
fraction required to activate 50 per cent of the elements at the same fixed 
value of log I The calculation is easily made graphically, or numencally, 
on the basis that the slope of r' vs ij. m Fig 5 is known to be the same at 
all temperatures It is obvious that under these conditions the temper- 
ature characteristics for Ql + fu) ut F = 0 5 F max must be identical 

A more complete account of these questions will appear in another place, cf ", 
footnote 5, and ® 
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m magnitude Tvitli that for \/I at any fixed F and Il/Id, since the hght- 
time ralto la clearly a loganthnuc quantity 

We are grateful to Mrs E Wolf for her continued assistance 
SDMUARY 

For the turtle Pseudtmyi scnpla the temperature characteristics for 
exatabihty of the response to visual flicker are found to be mdependent of 
flash frequency F, flash mtensity I, and proportion of hght time m the 
flash cycle The Tna-nmiim F to srfuch the flicker response contour (F as 
log I) rises, and the abscissa of its inflection, are rectihnear functions of 
the percentage li^t-time m the flash cycle, but p for 1// at any flash 
frequency is the same with chfierent values of the percentage hght time 
(10 to 90 per cent) 

These facts, together with the properties of the vanation of the critical 
mtensity, objecbvely demonstrate the essentially simple or unitary char- 
acter of the controlling events m the mechanism governmg the exatabihty 
They also provide a means of further illuatiatmg a procedure whereby 
certam staUsbcal factors m the performance of a population of umts may 
be analytically separated from eiatabihty properties common to all of 
the mdividual units In particular, it is of general agnificance that it 
can be seen how it is possible for biologically ediibited frequenaes or rates 
of performance to provide simple and physically significant relations to 
temperature, despite the fact that this performance may mvolve, almost 
mevitably does mvolve, the mtegrated actions of many mdividual umts 





THE CELL SAP OF HYDRODICTYON* 


By L R. BLINKS akd JOHN P NIELSEN 
(From the Sclmi cf BMotual Scieticei, Slar^ord Vnatrniy) 

(Rtcnvcd lot pobllcfttKm, Becoober 26, 1939) 

It 13 obvioDB that biological findings are enhanced by comparative 
studies made on a vanety of materials, this has certainly proved to be the 
case in plants vdth large multmudeate cells, so much utilized m the last 
IS years for problems of permeabihty, salt accumulation, and bioelectric 
phenomena Those most employed have fallen m three orders Charales, 
or Charophyta (NtUUa), Siphonodadiales {Valonta), and Siphonales 
{Baltcysiis) Thar comparative study has often revealed common prin- 
aples, as well as startling differences, which in some cases at least, have 
been reconciled by experimental treatment While there are other, some 
what less satisfactory genera m each of these orders (respectively Chara, 
Balophora and Emodetmu, Bryopsts), a member of a still different order 
is even more likely to yield new results, or extend the vahdity of general 
prmaples. The present paper deals with a member of a group almost 
wholly new for such studies, namely the Chlorococcales, these are generally 
microscopic algae, but one genus, Bydrodtdyon, has multmudeate cells 
reachmg considerable size. In B rcltcuUUum, the common water net, 
found m ponds the world over, the cells are large enough to be seen by the 
naked eye, and have been used (under the microscope) for studies of the 
penetration of alcohol by plasmoptysls or bursting ‘ They are not, how- 
ever, large enough for mdividual handling, sap extraction, and biodectnc 
contacts Three other spedes have been described, with larger cells 
B afncanum, Yamanouchi,* with net cdls becommg separated mto spheres 
a centimeter m diameter, B ^ndicum, Iyengar;* and B patena^orme, 
Pocock,* The latter, occurring in the same ponds as B afrtcanum, has 
only recently been described, from South Afnca, but it appears to be the 

* Aided by grants from Tbc Rockefeller Foundation, and the Research Committee 
of Stanford University Collection of material and sap and some of the chemical and 
physical me asurements hy Blinks, detailed chemical analysis by Nielsen 

* Holdheide, W,, PhnUi, 193t, IS, 2« 

* Yamamrachl, S , Bot Gas^ 1913, 66, 74 

* Iyengar, M OP,, / IndimBol Foe., 1925, 4, 315 

‘ Pocock, hL A,, I> Roy Fee FoaU Africa, 1937, S4, 263 
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speaes reported upon here Smith® mdicated its occurrence m Cahfomia 
several years before Pocock’s description, but did not give it a name It 
turns out to be identical in almost every respect, however, with B" patemc- 

forme, and wiU be so designated, lackmg suffiaent distmction to make it a 
new speaes 

Sap analysis of the same speaes from Afnca would be of mterest, m 
comparison with the present form There is some evidence that H 
ajnmnum may occur m Cahforma, and it may be possible later to report 
upon it 


Material and Sap Extraction 

The Californian E pataia^orme occurs nearly every year m the same spot on the 
Stanford campus, m a low-lying pasture which is flooded from January to April or Jlay 
The young nets appear usually m March as very dehcate flat plates or saucers (hence 
the name), and grow rapidly for 2 months or more, often becoming contorted and tmsted 
mto ropes or balls, but sometimes remammg extended m great flat nets up to 20 cm 
m diameter, with mterstices 2 or 3 cm wide between the cells The latter usually join 
at their ends m threes, although cells at the margin of the net may extend outward alone 
or m chams The individual cells become 2 or 3 cm long, and 1 (rarely 2) mm m 
diameter, before assunung the golden, opaque appearance which precedes isogametc 
formation and collapse of the cell (usually on lUummation) 

The net is purely and simply aquatic, having no rhizoids or holdfasts like NUella, 
Valonta, and Halicystts, which might conceivably influence the absoiption of elements 
from the sod or substrate In Hydrodtdyon absorption must be from the surrounding 
water by the actual cells themselves 

Its very rapid growth might be another advantage for experimental absorption 
studies, smce it grows from an almost invisible fragde net to very large size in about 
2 months — an mcrease of easily 1000 per cent in volume The season can be extended 
somewhat by bnngmg the nets mto cooler, shaded pools m the botamcal garden, but 
they rarely survive beyond June m any case 

The cells are readily separated from each other by a shght bend at their junctions, 
and they then hve several weeks when so isolated from the net This makes them 
convement objects for sap extraction free from contaminating matenal, and for bio- 
electric contacts at two pomts on the surface The constitution of the cell sap is itself 
of interest, as extendmg the rather meagre list of organisms from xshich sap can be 
obtamed in pure state, it also should be known for bioelectric studies, in order to analj zc 
the r61e played bj’’ various ions in the mamtenance of the normal potential, resistance, 
and capaaty from vacuole to extenor 

The following methods of obtaming sap were employed 

(a) For the most careful extracUon, the cells were separated and washed in distilled 
water, then, one at a time, gently drained and dned on filter paper, and placed on a 
dean glass shde There the end of the cell was gently pneked with a fine glass needle 

® Smith, G M , Fresh water algae of the United States, New York, McGraw, Hill, 
1933, 487 
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Some sap spurted out upon the slide m the cell collapsed this, and the remainder in the 
cell was unmcdiatel> picked up bj capUUntj or micrometer screw suction into a mounted 
jnicropipctte, without pressure upon the cells, so that httle or no protoplasm or chloro- 
plasts were included in the clear sap Each cell yielded about 0 01 cc. of sap in this 
manner, and about 0^ cc. could be collected In an hour In all, several cubic cent! 
meters were thus obtained, for samples used to determine the more abundant constitu 
ents (K, Cl), as well as for H ion NHa and sulfate tests without the chance of con 
tamination by protoplasm. Several different mlcrotltrations of the chlonde were 
performed on different samples, m order to gain an idea of the variations m Cl at different 
times and with the advancing season It was found to be fairly constant between 0 05 
and 0 06 M, older rAU generallj showing a slightly higher concentration. This pure 
sap gi^ve, surprisingly enough, large tests for aulfatc, comparable to that in sea 
water, as borne out by larger scale analyses mentioned bebw A charring test was 
negligible as was Ammonia, b> Nesslcr reagent. Nitrate and phosphate were negligible 
There was not enough of sample o to anal>'rc for Na, Ca, Mg or SO^ 

(6) To obtam larger samples for analysis of these less abundant elements bat still 
with a minimum of contamination b> outside solution or by protoplasm, groups of 
smatW cells or complete nets were tborou^y washed in distilled water, dramed on 
filter paper, and then exposed In large cryitaflmng dishes to a current of warm air until 
quite dry and flattened to the glass. They were then soaked In several successive small 
volumes of distilled water to letch out the soluble salts without crushing the cells or 
releasing any colloidal constituents of the protoplasm, this stiH being hdd back b> the 
mtact cellulose wall. The volume of this wash water was made up to equal appron 
matel> that of the original undned cells, since the cell \*olume is easily 93 per cent sap 
When this was done the chlonde and potassium content, as well as E Cl ratio were 
found to be not very different from that in the directl> extracted sap indicating that 
the ver> thin protoplasmic film hid not yielded up, or absorbed, appreciable amounts of 
these dements This makes it seem IQcdy that the other mineral constituents, chiefly 
sodhnn, calaum and sulfate, are also much the same In such a leached solution as in the 
pure cdl sap danger of contamination appears the more remote since when protoplasm 
is definitdy induded as in the less pure samples below, these dements are also much 
the same. On the other hand magnesium appears in such protoplasmic indnsions as 
would be expected from the presence of chlorophjll 

(c) Another method of killing the celts, and rdeasing the sap constituents, was to 
bring the washed and drained edb to a nearly boding temperature on a water bath, 
pourmg off the copiously released sap and leaching again with distilled water to the 
proper volume, as above This sap even from uncrushed cells, was darker m color 
and tended toward prompter putrefaction than samples o and 6 indicating much greater 
contamination with protoplasm, organic matter now being released across the cdl waE. 
The inorganic analysis is not very different, however from that of o and 6 

(d) For stni cruder extracts, mosses of cells, after washing and draining were crushed 
with a glass rod and the copkmsI> extruded sap filtered free of plastids and large proto- 
plasmic partides. Here considerable contamination was inevitable but the analysis 
of the ash gave values rather similar to o, 6, and c, except for the presence of magnesium 
and phosphate ob^iou3ly derived from the protoplasm. 

(e) Finally, the residue from this crushing and filtering was saved and after ashing 
was analjxed to give the mineral constituents of the protoplasm and cdl walk These 
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are not notably different from the sap, possibly due to the stiff strong admixture of the 
latter with the residue Strong tests were also obtamed here for iron, sihca, and phos- 
phate, as might be expected 

Potid Water— Pox comparison with the sap, and to mdicate the ratio m which the 
several elements were accumulated m the sap above their external concentration, a 
large water sample was collected from the shallow pond m which the cells were growing 
Smce it was very dilute m most of the elements, 5 hters were carefully evaporated down 
to 500 cc , and the residue, mcludmg precipitates, analyzed by the methods employed 
for the sap The findmgs were then divided by 10 to give the ongmal values The 
ratios to sap are given m Table 11 

Analytical Methods 

Owmg to the small quantities of sap available, it was necessary to determine as many 
cations as possible on a smgle sample This frequent biological need may justify a 


TABLE I 

Recoveries from a Known Solution (fi 1 Per Cent Glucose Solution Containing Na, K, 

Ca, and Mg in the Amounts Noted) 



Added 

Recovered 


mi 

mt 

Na 

1 10 

0 54, 0 57 (using Cd amalgam) 



1 10, 1 13 (usmg granular zme) 

K 

3 90 

3 20, 3 90, 3 80, 3 76, 3 86 

Ca 

1 00 

0 96, 1 04, 1 02, 1 02, 0 99 

Mg 

0 90 

0 87, 0 88, 0 90, 0 98, 0 94 


detailed descnption of methods A study of the hterature®"® mdicated that it would be 
possible to adapt some of the recent semi-micro methods to a quantitative procedure for 
the determination of the desmed elements After the vanous methods had been fitted 
together mto a procedure such that no reagents contaimng mterfenng elements were 
added, it was tested on known quantities of a 0 1 per cent glucose solution containing 
all of the elements to be detenmned Table I shows the results of these recovery 
experiments 

It will be noted that the first two recoveries on sodium were poor Holmes and 
Kirk® m their method for the determmation of sodium recommend the reduction of the 
uranium in the sodium zme uranyl acetate preapitate by cadmium amalgam We 
found that this reagent gave low results (first pair of recoveries), but when granular 
zme was substituted for the Cd amalgam a complete reduction was obtained and good 
recovenes resulted (second pair) Recently Lmder and Kirk" have published a method 


* Holmes, B , and Kirk, P, L , ^ Biol Chem , 1936, 116, 377 
7 Cniess-Caffaghan, G , Biochetn J , London, 1935, 29, 1081 
®Murer, H K , /nd and Eng Chem , Analytical Edition, l^^T 
® Wilcox, L V , Ind and Eng Chem , Analytical Edition, 1937, 9, 136 
" Lmder, R , and Kirk, P L , Mthrochemie, 1938, 23, 269 




L, R BLINKS AND JOHN P NIELSEN 


555 


ioT sodiam In ■whkii a dacaisjed the rdalivc cfBocnoes oi vanoos Ttducmg agenta for 
the nranium with the conclusion that cither granular *inc or cadmium spirals arc best 
suited for the method- 

The special reagents employed were the following 
A Foraldum 

1 Saturated (NH 4 )iCt 04 

2 KMnOi 0 05 N 
B For magnesium 

1 1 gm- of S-hydroxyqumolme dissolved In 89 ml of absolute alcohol- Add 10 
mL concentrated NH 4 OH and 1 ml concentrated HCL 2 mL good for 1 mg Mg 

2 2 7 gm- KBrOi and 25 gm KBr dissolved m 500 mL HjO 

3 6 gm- NajSiOa 5 HsO dissolved in 1 liter H*0 Standardize against KIOj 
C For sodium 

1 10 gm- uranyl acetate 2 HiO and 6 gm- (30 per cent) acetic add- Make up to 
65gm.withHjO 

2 30 gm Zn(Ac)i 3 HjO and 3 gm- (30 per cent) acetic add Make up to 65 gm- 
with HjO 

3 Warm Nos 1 and 2 until complete solabon is obtained, and then mix together 
Allow to stand for 24 hours and filter 

4 0 02 N cenc sulfate, 

5 Phenanthroline ferrous sulfate Induaitor 

6 Glaaal acetic aad saturated with sodium zme uranyl acetate- 
D For potassium 

1 0 02 K cenc sulfate 

2 Sodium cobaldmtnte 

3 0 02 H ferrous flmmnntnm sulfate- 

Procedure 

to gnu of the biological material are placed m a small sQica or plabnum evaporating 
dmK One half mL of concentrated sulfuric aad is added and the matcnal cv'aporated 
to dryness on a hot plate or water bath. The dish is then placed m a muffle fomace 
and aahed at 500-550 C for about 3 hours or until a white ash is obtained The ash 
13 taken up with 1 mL of concoitrated HCL A htUe water is then added and the dish 
heated for a few moments ou a water bath- The solution » filtered to remove the 
silica At this point the solution can be made up to a definite volume and an aliquot 
representing 1/10 uf the volume set adde for the potassium dclcrmination- 

Cdcium — ^Add a few drops of bromine water to the remaining solution to oxidixe 
any ferrous iron present Boil to remove the bromine and make basic to methvl red 
with NH^OH to predpitato the iron and aluminum The solution is then filtered and 
washed with hot water Evaporate the filtrate to about 20 mL, add 2 mL of saturated 
(NHOiCiOi to precipitate the calaum, make basic to methyl red and allow to stand 
overnight. Filter out the CaC »04 through a small, fine-pored sintered (fritted) 
Gooch cruciblfi and wash several times with dilate ammonia water (4 mL NH4OH + 
250 mL HjO) Save the filtrate for Mg determination Wash off the bottom of the 
crucible and dissolve the prcapitate with hot 1 N H ^4 drawing it mto a test tube 
placed Inside the suction flask- Wash the contents of the tube Into a beaker, heat to 
90*0, and titrate with 0 05 n KMn 04 * 
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Magfimim —Evaporate the filtrate from the Ca determination to about 8 ml , and 
add 5 ml of 8 -hydroxyqumolme reagent Heat to about 95‘’C for a few moments and 
cool to room temperature Filter the precipitate, using a Gooch cruable containing a 
fritted glass filtenng disk and wash with 1 n NH 4 OH Transfer the filtrate to a silica 
evaporatmg dish and place on a water bath Dissolve the magnesium precipitate 
with 4 ml of 4 N HCl and suck mto a 60 ml test tube Add 10 ml of the bromate- 
bromide solution and immediately stopper the tube Mur well and let stand for 5 
rmnutes Add a crystal of KI to reduce the excess bromme and titrate the released 
I 2 with 0 02 N Na 2 S 203 Magnesium = equivalents of bromme used /8 ’’ 

Sodium When the filtrate from the magnesium determmation has evaporated to 
dryness it is placed m a muffle furnace and heated to 500°C long enough to drive off 
the ammomum salts and the magnesium reagent Cool and add 1 ml of 1 n H 2 SO 4 
and transfer to a 50 ml beaker Evaporate to 1 ml and add 40 ml of cold, filtered 
zme uranyl acetate reagent and let it stand for an hour Filter through the previously 
mentioned glass Gooch crucible and wash with glacial acebc acid saturated with sodium 
zme uranyl acetate Dissolve the precipitate with 30 ml of 2 N HsS 04 and suck into a 
test tube Pour the solution mto a 250 ml flask and add 2 gm of granular zme Heat 
to around 80°C for a few moments to reduce the uranium from valence 6 to 3 and 
transfer to a beaker Aerate the solution for a few moments, and oxidize the uranium 
to a valence of 6 with 0 01 n ceric sulfate 

Potassium — This can be worked into the above senes whenever there is tune Take 
the ahquot set aside for this determmation and make up to 10 ml Add 1 ml of 
1 N HNO3 Weigh out roughly 1 gm of sodium cobaltmitnte for each sample to be 
precipitated and dissolve m water to make a 20 per cent solution (Do not make up 
an excess of the reagent as it does not keep well ) Add slowly, with stirring, 5 ml of 
the reagent to the unknown potassium solution Allow to stand for 2 hours at room 
temperature Filter the solution through a Gooch cruable and wash with 0 01 N HNOj 
at least five times Wash off the bottom of the crucible and place in a beaker containing 
an excess of 0 02 n cenc sulfate solution and 5 ml of 1-1 H 2 S 04 Heat on a water bath 
until the precipitate is dissolved, allow to cool and titrate the excess ceric sulfate with 
0 02 N ferrous ammonium sulfate We have checked the factor 7 1084, given by Wilcox,® 
many times and found it to be correct 

Phosphate was determined by the Zinzadze method ” A vet ashing with nitnc 
and sulfuric aads was found satisfactory for decomposing the sample Losses of phos- 
phate as high as 30 per cent were observed when the material vas ashed in a muffle 
furnace with sulfuric aad as an ash-aid 

Chloride was determined by the conventional AgNOj titration, using potassium 
chromate as an indicator 

Sulfate was detennmed gravimetrically, by precipitation with barium chloride 

DISCUSSION 

The results of the analyses are summarized m Table II 

It is dear that potassium strongly predommates, being fifteen to twenty 
times as concentrated as Na in the sap, although the ratio is markedly 
reversed m the pond water Thus the actual accumulation ratio is tre- 

“ Zinzadze, C H , Jnd and Eng Chem , Analytical Edition, 1935, 7, 227 
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mendous, potasnum being 4000 tunes as concentrated in the sap as m the 
pond water, at the tune the analysis was made. It may be that some of 
this potassium was picked up earhcr m the season, as released from other 
filamentous algae, which appear first m the pools, then die away before the 
Hydrodidyon begins to grow However, it is at least retained against such 
a high gradient. That it exists as ionised salt m the sap is shown by the 
high electncal conductivity, as well as the effective osmotic pressure of the 

TABLE n 


Compcsiium of Various Sampta of Cell Sap and Protoplasm from Bydrodtciyan 
palonaeforme Pocock Expressed >n Holes Per liter 


Sttnph 


N4 

! 

Me 

a. I 

604 ' 

HCOi etc. 

Pure t»p 0 1 

1 0 03 







Pure tap a 2 

, 0 101 





1 


Dried aitd leached, h 

0 069 

0 0017 

0 0008 

— 

0 0523 

0 0066 1 

0 0043 

Heated leached, e 

1 0 075 

, 0 0039 

0 0017 

— 

0 052 



Cruahed, filtered i 

1 0 062 

0 0038 

0 0012 

— 

0 018 

1 1 


Crushed filtered d 


0 0015 

0 0036 

— 

0 0532 

, (0 0056 phosphate) 

2 (1937) 

1 0 0722 





1 


Cnaicd (1937) i 3 

1 0 075 

0 003 

0 002 

0 0015 

0 06 

0 0078 1 

0 0067 

CeQ roddue from last, « 

0 0313 

0 0025 

0 0023 

0 0025 

0 053 



Avenge sap S (ez 

0 0763 

1 0 004 

0 0018 


0 0553 

0 0082 j 

0 0055 

cept«) 








Potkd crater P 

0 000019 

0 OOU ' 

0 OOlOS 

0 0009 

0 00108' 

0 00077 1 


Accumolation ratio 

1 







(S/B) 


3 

1 65 1 



10 7 



Specific conductivity (leveral samples type d) 0 009 to 0 0096 (equivalent to 0 077 
toOOSliiKO) 

Tests on fresh a samples (purest sap) 

pH, to 6 0 (by glass electrode, Beckman capillary type) 

NHj less than 0 001 u (Nessler test) 

SOi roughly comparable to sea water (actually leas by analysis) 

Heat test no charring, indicating little or no organic matter in sap 


sap (by plasmolysis, mentioned below) The potassium is also consistently 
higher than the chloride, by about 0 02 M. This discrepancy is partly 
made up by the very high sulfate value, about 0 008 u or 0 016 N, nearly 
30 per cent of the Cl m equivalents per hter There is no question about 
this sulfate bemg high, smce the purest sap, from a smgle cell without 
contamination from protoplasm gives a strong test with add BaCls, roughly 
comparable to that m sea water Even this does not qmte balance amons 
against cations however, so a further search was made Phosphate and 
nitrate bemg negligible m the pure sap, and orgamc j ^ i 
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because of the absence of charring on heating, there remamed the possibihty 
of carbonate (bicarbonate at pH 5 5 to 6 0 in the fresh sap) On titrating 
with HCl to a point aad to methyl red, a figure of 0 0043 n was found for 
excess base m one case (dned and leached sample), and 0 0067 n m another 
(crushed sample) Assummg t^s to be bicarbonate, the cations nearly 
balance the amons, as shown m Table HI 
That there are probably no other major constituents m the cell sap is 
shown by plasmolysis experiments Intact cells of Eydrodu:tyon were 
placed m various dilutions of sea water (as representmg a well balanced 
solution) The cells m sea water/8 and greater dilutions stayed turgid 
and hved well for several days Those m sea water/4 showed prompt. 


TABLE m 


Cell Saps, Expressed As Nonnahly {Equivalents per Liter) 



BydrodtOyon, 
dried and 
leached , h 

ffydre>i!tcJyi>n, 
cnisbtd, d 

Ntlella c/orula'*’ “ 

K 

0 0690 

0 075 

0 0543 

Na 

0 0047 

0 003 

0 0100 

Ca 

0 0016 

0 004 

0 0204 

Mg 

— 

0 003 

0 0354 

Cations 

0 0753 

0 085 

0 1201 

a 

0 0532 

0 06 

0 0908 

so. 

0 0172 

0 0156 

0 0166 

HCO, 

0 0043 

0 0067 

0 0036 (H,PO,) 

Anions 

0 0747 

0 0823 

0 1110 


contmued plasmolysis, while those m sea water/6 were just perceptibly 
softened, mdicatmg that sea water/7 was close to an isotonic solution 
Smce this corresponds to about an 0 08 N NaCl solution, which approxi- 
mates the total normality of the analyzed salts m the sap, it is evident 
that these must account for practically all the osmotic pressure m the 
normal cell sap 

Fmally, for comparison with the only other fresh water California plant 
which has had comparable cell sap analysis (and one of the few anywhere 
m the world), the figures of Hoagland and Davis for Ni/ella clavata^^ “ are 
given m Table HI » While this Nitella grew m a more concentrated pond 


^ Hoagland, D R , and Davis, A R,J Gen Physiol , 1922-23, 5, 629 
” Zscheile, F P , Jr , Protoplasma, 1930, 11, 481 (revision of Hoagland and DavisJ 
For comparison of saps from several fresh nater and brackish Charophj ta o m 
land, see CoUander, R , Protoplasma, 1936, 25, 201 
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water than the BydroduUyon, a general Bimilanty is to be seen However, 
Eydrodidyon has an even higher E. Na rabo (15 or 20 1, as against 5 1), 
and a very considerably lower actual Na, Ca, and hig, than has N davata 
On the other hand, it has about the same amount of sulfate. This may 
represent a characteristic of fresh water plants, if so they are m marked 
contrast to marine plants, which exclude sulfate. Penneabflity and 
electrical mobibty studies of the sulfate ion m the two cases might be of 
mterest therefore 


smniAEY 

Analysis of the cell sap of Hydrodtctyon paienaejorme Pocock, from 
California mdicates the usual marked accumulation of potassium, which 
IS 4000 times as concentrated as m the surroundmg pond water Small 
amounts of sodium and calaum were found Chloride makes up about 
three-fourths of the amons, with a very high sulfate, and much lower 
bicarbonate concentration accounting for most of the remamder Elec- 
tncal conductivity and osmotic studies mdicate that the analyzed elements 
are ionized, and account for most of the sap’s osmobc pressure. pH is 5 5 
to 6 0 

The analybcal procedure was designed to determme as many of the 
cabons as possible on one small sample. 

Bydrodtdyon is a large multmudeate cell belonging to an order (Chloro- 
coccales) new to permeabihty and accumulabon studies 


furth 
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( 2 ) : 
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THE CHEMICAL NATURE OF GROWTH FACTORS REQUIRED 
BY MOSQUITO LARVAE 

H Paktothenic Aod and VnAiON Bi 
Bl y SUBBAROW* AND W TRACER 

(From Iht Departmnl of Bloloftcal Chmairy, Baroari ileikal FcAooI, Boj/on, Ifojia 
ckusetU, and Uie Defartmcnl of Ammat and Plant Pathology of The Roohefellrr 
InitiluU for Medical Research, Pnncelon, New Jersey) 

(Received ior publication, Fdmiary 6 1940) 

When the larvae of the yellow fever mosquito, Aedei aegypts, are grown 
under sterile conditions (1), they may be shown to require accessory growth 
factors which they normally obtain from hvmg microorganisms Two of 
these factors are thiatnm and riboflavm (2) If the larvae arc supphed 
with protem, thiamm, and other dietary constituents m the form of a suit- 
able amount of heat killed yeast, they do not grow unless the yeast is 
further supplemented with adequate amounts of both nboflavm and a 
partially purified fraction of hver extract designated as the calaum filtrate 
(2) The experiments to be reported m this paper have been concerned 
with attempts to discover the nature of the essential substances present 
m the calaum filtrate fraction. 


Methods 

The larval growth tests were conducted in the manner previously described (2) 
All tubes received OA mb of a washed, killed yeast suspension m dutilled water and 
cither riboflavm or the flavm-purinc complex (2) As formerly' all operations were 
earned out under strictly sterile conditions and appropiiste tests for sterflity were 

made. The growth mdex Y X ^ (Af — percentage of larvae reaching the 4th or last 

larval initar withm 10 days, T — the average time m days required by these larvae to 
reach the 4th instar) has again been used. Under optimum conditions, at 28®Cb, 

YX^-lOOxi-25 

Preperaften of the Growth Factors 

The prepariUon of the flavln-purme complex been detailed In a prcvioui paper (2) 
Tha Banum PrtcipUati and the Barium PtUraie — ^Thc charcoal elute already de- 
icribed (3) iras concentrated to a small volume (1 mh — 100 gtn of liver) and vras 

*Y S tckjiowledBts finandal aid from the Markle Foundation* 

361 
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preapitated witii 10 volumes of 95 per cent alcohol and 10 volumes of ether The 
mixture was left m the cold room overmght It was filtered The filtrate was con- 
centrated to remove alcohol and ether and diluted with distilled water so that 10 ml = 
100 gm of liver Then it was extracted 4 tunes with an equal volume of butyl alcohol 

The butyl alcohohc extracts were combmed and concentrated in vacuo to dryness 
The residue was taken up m 95 per cent alcohol (5 ml per 100 gm of hvcr) The 
alcohol extract was filtered The filtrate was neutralized with alcohohc solution of 
Ba (0H)2 The preapitate was filtered The preapitate was termed BPS and the 
filtrate was termed B F 

Before use, BPS was suspended m water, treated with sulfuric acid to precipitate 
the barium, and filtered The pH of the filtrate was adjusted to 5 8-6 0 

Fractious Rich in Pantothenic Acid — Fraction 355 was the same fracbon the prepara- 
tion of which was described under the number S-13 m a paper deahng with the growth 
reqmrements of rats (4) 

Fraction 362-6 was a zmc salt Starting with fraction 355, the ether extract was 
neutralized with ZnO and concentrated to dryness The alcohol insoluble portion of 
the precipitate was discarded The alcohol soluble portion was concentrated to a small 
volume and was precipitated with 50-60 volumes of acetone The precipitate was 
filtered and dned The precipitate was found to contam about 20 per cent zmc, 20- 
30 per cent mcotimc acid anude, 10-15 per cent uracil This material, before use, was 
decomposed with HjS, the sulfide filtered off, and the pH of the filtrate adjusted to 
5 8-6 0 

Startmg with 362-6, a banum salt of pantothemc acid was prepared The zmc from 
10 gm of fraction 362-6 was removed by HjS Part of the nicotmic acid amide and 
uracil were removed by adsorption on Enghsh fullers’ earth Part of the mert organic 
aad m the filtrate was removed by the use of the thallium salt The filtrate was de- 
composed with HCl, neutrahzed with Ba (OH) 2 , and precipitated with acetone The 

N 

pantothemc aad was regenerated by the addition of enough sulfuric acid to precipitate 

the banum The banum sulfate was filtered off and the pH of the filtrate adjusted to 
5 8-6 0 

The pantothemc acid content of the three preparations was determined by their 
effect on the NY 5 streptococcus, w'hich requires 1 t of pantothemc acid for maximum 
growth (5) 


RESULTS 

Effects of the Banum Precipitate and Banum Filtrate Fractions of 

Liver Extract 

In the presence of killed yeast and flavm-punne complex or riboflavin, 
the banum preapitate alone supported very httle growth of the mosquito 
larx^ae The banum filtrate fraction, a't concentrations down to such that 
100 ml of solution contamed the matenal denved from 40 gm of liver, 
save good growth and the addition of B P S had but little eflfect At lower 
concentrations of B F the growth fell off markedly and a clear effect of 
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the further addition of B P S could be demonstrated (Table I) Smce the 
banum preapitate had to be supphed at a concentration such that 100 ml. 
contamed the amount from ISO gm of hver, it is quite possible that this 
fraction was merely furn ishin g more of the same essential substances fur- 
nished bv the banum filtrate 

Effects similar to that of BJP S could be ob tamed with yeast nucleic 
aad, at concentrabons down to about 20 mg per 100 mh of medium, and 

TABLE I 


Effeds of the Banum FtUrate and Barium Precipitate Fractions of Liver Extract and of 
Yeast Nucleic Aad and Glutatkione in the Presence of the Former Fraction 


Coaccntntbw 

FXf 

A«|]b ol Uvct froo whldi wu rlcrtved UBOOQt 
ol tnctlon pccMot In 100 ul crutin flold 

Uf per 100 ml. cnltiQc fluid 

FUrln 

enaplex 

Bcrtam 

fdtntc 

Bnriva 

pndp(tnt« 

Illiquid 

Olitnthioo* 

lUboAcrlD 

50* 

20 

0 

0 

0 

0 

8 3 

SO 

20 

150 

0 

0 

0 

19 3 

50 

0 

150 

0 

0 

0 

5 4 

SO 

20 

0 

20 

0 

0 

16 2 

50 

20 

0 

10 

0 

0 

13 8 

50 

IS 

0 

0 

0 

0 

U 2 

50 

25 

ISO 

0 

0 

0 

15 0 

SO 

25 

0 

33 

0 

0 

17 6 

so 

25 

0 

27 

0 

0 

16 7 

0 

30 

0 

0 

0 

0 OS 

2 1 

0 

30 

0 

0 

13 

0 03 

17 6 

0 

30 

0 

0 

6 7 

0 03 

11 5 

0 

30 

0 

0 

3 3 

0 08 

8 1 

0 

30 

0 

10 

0 

0 08 

13 8 

0 

30 

0 

10 

13 

0 08 

U 8 


* Corresponds to 10 mg per 100 ml, of ailtnre medium. 


With ^utathione at a concentration of 13 mg per 100ml (Table I) How 
ever, the addibon of yeast nucleic aad and glutathione together gave no 
better growth than either substance alone 
Several partially purified fracbons from liver extract could also replace 
the banum preapitate fracbon However, smce the banum filtrate frac 
bon alone seemed to contam the major part of the essential growth factors, 
attention was concentrated on trymg to replace it by combmabons of the 
vanous pure substances isolated from it A great many experiments were 
performed, m all of whidi BfP S was supphed at a concentration such that 
100 mh of medium contamed the material denved from ISO gm. of hver 
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The results were extremely vanable and m no case was satisfactory growth 
obtamed A general impression was gamed that jS-alanme, adenosine, and 
mcotmic amideS but espeaally ;8-alanme, had a shght favorable effect 
While tubes contammg as supplement only the barium precipitate gave 

W X - values of 5 or less, those contammg BPS together with /9-alanme, 

adenosme, and nicotmic amide frequently gave iV X “ values over 5 and 

m one case as high as 12 It became obvious, nevertheless, that further 
eiqierimentation with the known substances isolated from the banuin 
filtrate would be futile 

PantotJienic Actd atid Vtiavnn 

Smce the hver preparations contammg the mosquito growth factors 
also contamed vitamm Be (6), some tests of this substance were performed 
It w'as foimd that m the presence of killed yeast, flavm-purme complex, and 
barium precipitate fraction, both crystalline “Factor 1”^ (7) and crystal- 
Ime vitamm Ba‘ (8, 9) had a shght but definite growth-promotmg effect 
Nothmg even approachmg optimum growth was obtamed 
Progress m the purification of pantothenic aad(10, 11), its recognition 
as one of the factors essential for the growth of chicks (12, 13) and rats (14, 
15), and its presence m hver preparations (4) active as mosquito growth 
factors, led to tnals of its effect on the growth of Aedes aegyph larvae 
Three preparations, two (355 and 362-6) contammg about 20 per cent 
pantothemc aad and one, a barium salt, 60 per cent pantothenic acid and 
20 per cent barium, all markedly promoted growth of the larvae ^Vhen 
added to killed yeast and flavm-purme complex, the regenerated zmc salt 

alone gave fairly high values of fV X ^ and these could be brought almost 

to the maximum (22 2) by the further addition of vitamm Bg The op- 
timum concentration of zmc salt m either case was about 0 02 per cent, 
representmg a pantothenic aad concentration of about 4 mg per 100 ml 
The other crude pantothemc aad preparation (355) supported very little 
growth unless supplemented with vitamm Bg In the presence of the 

latter, N X ^ values of 15 to 20 were obtamed when that amount of 

pantothemc aad was present m 100 ml which was denved from 100 gm 
of hver 

1 We are grateful to Dr H Adkins of the University of Wisconsin for sending us some 
nicotinic amide, to Dr S Lepkovsky for a sample of his crystalline Factor 1, and to 
Merck and Co for supplies of vitamin Brhydrochlonde 
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The most significant results were obtained with pantothenic aad regen- 
erated from its banum salt (Table EL) In the presence of tilled yeast, 
flavin punne complex, vitamin B«, and glutathione, growth was very shght 
and no larvae reached the 4th mstar The further addition of the re 
generated banum salt of pantothemc aad enabled growth to proceed to the 
adult stage As is evident from Table n, a concentration of 6 7 mg of 
banum salt per 100 ml , corresponding to about 4 mg of pantothemc aad 

per 100 ml , gave the beat growth The value of iV X ^ was IS 8 m one 

experiment and 21 4 m another, and almost all of the larvae reached the 

TABLE n 


The E^eds of PattMhenic Add and Vtiatmn Be 



CooecBtntka mt 

per 100 ml colCort fluid 


AX J 

1 Adolti IrtQ 

6 luTM 

Ama(« 

1 dim to 
rtaca tdolt 

1 sUfO 

FlATbt 

aaspltz 




Gloti 

thlOM 

Nkodnlc 

aaldc 

UboAsrin 

1 

« 

d* 

10 

0 

0 

6 7 (4) 


0 

1 9 

0 

0 


10 

0 

1 3 

6 7 (4) 


0 

13 8 

1 

2 

12 

10 

0 1 

0 

6 7 (4) 


0 

0 

0 ' 

0 


10 

0 1 

1 3 

6 7 (4) 


0 

15 8 

4 1 

1 

14 5 

10 

0 1 

1 3 

6 7 (4) 


8 

17 6 

2 1 

4 

14 5 

0 

0 01 ' 

0 

6 7 (4) 

0 

0 

0 

0 

0 


0 ' 

0 01 

1 3 

6 7 (4) 


0 ! 

11 2 ' 

1 ' 

0 

22 

10 ' 

0 ' 

1 3 1 

0 1 


0 1 

0 ' 

0 ' 

0 


10 

0 

1 3 

U 3 (8) 


0 

9 2 

1 

2 

17 S 

10 

0 

1 3 

6 7 (4) 


0 

21 4 

2 

4 1 

13 5 

10 

0 

1 3 

3 3 (2) 


0 

9 6 

1 

2 ! 

18 


* Number In parentheses gives the approximate concentration of pantothenic acid- 


adult stage in 13 to 14 days If glutathione was omitted, growth was 
always not quite as rapid as m its presence and fewer of the larvae reached 
the adult stage. If Bi was omitted growth was very slow and few or none 
of the larvae reached the 4th mstar (Table II) If riboflavm was substi- 
tuted for the flavm punne complex, growth proceeded at a much slower 
rate (Table II) A few of the larvae nevertheless reached the adult stage 
in this medium m which the hver extract was replaced entirely by known 
substances. 

The addibon to a medium of killed yeast, flavm punne complex, vitamm 
Bi, pantothemc aad, and glutathione, of vanous other substances such as 
yeast nuclac aad, fi alamne, adenosme, tryptophane-betaine, mcotimc 
amide, mosine, etc., had no effect except m the case of mcotmic armde 
which m some expenments shghUy accelerated growth (Table If) 
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Vitamin Be, which has been recently synthesized and shown to be 
2-methyl-3-hydroxy-4,5-di-(hydroxymethyl) pyndme (16), was absolutely 
essential for growth (Table 11) Whether a more or less nearly pure 
preparation of pantothemc acid was used, the optunal concentration of 
vitanun Be was 1 3 mg per 100 ml of medium 

DISCUSSION 

The major accessoiy factors, essential for the growth of mosquito lan’ae 
and supphed by liver extract m a medium of killed yeast m hver extract, 
appear to be nboflavm, pantothemc aad, and vitamm Be, with glutathione 
and mcotmic amide havmg a lesser growth-stimulatmg role It may be 
that the killed yeast, which supplies enough thiamm, also supphes almost 
enough glutathione and mcotmic amide The experimental results show 
clearly that other essential substances supphed by hver extract remain to 
be discovered These are present m the banum filtrate and more especially 
m the flavm-punne complex While killed yeast, vitamm Bt, pantothenic 
aad, and glutathione, with flavm-punne complex, gave excellent growth, 
the same matenals with pure nboflavm gave considerably slower growth 
The r61e of yeast nucleic acid is difficult to evaluate Although it could be 
substituted for the banum precipitate fraction m the presence of the 
banum filtrate, it had no effect on the growth obtamed m the presence of 
flavm complex or nboflavm plus vitamm Be, pantothenic aad, and 
glutathione 

At present, one can safely conclude that Aedes aegyph larvae require, 
as accessory growth factors, thiamm, nboflavm, pantothenic aad, and 
vitamm Be, probably glutathione and mcotmic amide, and certamly other 
as yet unknown substances present m yeast and m hver extract Smee 
pantothenic acid consists of ;3-alanme m amide hnkage with a hydroxy 
acid (11), one may account for the observed shght favorable effects of 
alanme by assummg that some mdividual larvae have very limited powers 
of synthesizmg pantothemc aad if they are supphed with ^-alanme, as is 
the case with certam strams of bactena (23, 24) 

Older work on the growth factor requirements of msects has been previ- 
ously noted (2) The flies Lvcilia sencala (17) and Drosophila indanogaslcr 
(18) and the beetle Demesles volpinus (19) require cholesterol Both Z 
sencala (20) and D nielanogaster (21) require thiamm, and the latter also 
requires nboflavm (21) Tatum (22) has recently found that Drosophila 
larvae required, m the presence of aU the known vitamins, three additional 
factors present m yeast autolysate Two of these could be separated from 
each other by preapitation with banum hydroxide m alcohohe solution, 
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a separation which suggests that they may be the same as the banum 
preapitate and filtrate fractions required by Aedes aegyptt and that one of 
them may be pantothemc add Tatum (22) also showed that mcotunc 
aad is essenbfll for the growth of Drosophila larvae 
As more work is done, it becomes mcreasmgly obvious that insects re- 
quire the same growth factors of the vitamm B complex group as do verte- 
brates This IS not surprising, smee numerous speaes and strains of bac- 
teria and yeast also require the same substances for growth (5, 23-26) 
Other speaes and strains of bacteria and other tmcroorganisms can synthe- 
size one or more of these factors (23, 24, 27) Microorganisms of this latter 
group under natural conditions supply mosqmto larvae with their essential 
growth factors 


SOUMABY 

The larvae of Aedes aegypU grew normally under sterile conditions m a 
medium consisting of killed yeast, flavm complex, or riboflavm, and two 
fractions derived from hver extract and designated as the banum filtrate 
and banum preapitate. The latter fraction could be replaced by yeast 
nudeic aad or by glutathione. 

The larvae also grew at an almost optimal rate m a medium consistmg 
of killed yeast, flavm punne complex, vitamm B«, pantothenic aad, and 
glutathione All of these constituents except the glutathione were ab- 
solutely essential Replacement of the flavm punne complex by pure 
nboflavm resulted m slower growth, but nevertheless some larvae reached 
the adult stage. 
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EFFECTS OF HEXYLRESORCINOL ON NTTELLA 


BT W J V OSTERHOUT 

(From the Laboratories oj The Ritck^dUr Insiilule Jar Med\cal ResearcK) 
(Received for pubbcation, January 20, IWO) 

The effects of hexylrcsorcmol^ show some resemblance to those of guaia 
col,*" * as might be es^iected m view of their chemical sunilanty 

But luterestmg differences exist Guaiacol mcreases the mobility of 
Na+ and leaves that of K.+ («j3 unchanged, but hexvhresorcmol 
decreases^ both mobilities Hexylresorcmol 0 0003 M brings about as much 
negative change in pj) as does 0 03 u guaiacol The latter is not toxic 
m brief exposures (up to 5 minutes) but with the same exposure hexyl 
resorcmol shows some toxiaty at 0 003 ii since some cells recover their 
normal pjd when replaced m 0 001 m NaQ but others fail to do so At 
0 0003 M complete recovery may occur m a few mmutes but such ceUs 
do not always hve well afterwards 

Fig 1 shows the effect of applying* 0 0003 u hexylresorcmol.* The curve 

iC*H,(OH),(C.Hu) 

*C,H4(OHKOCHd 1 2 

*Osterhout,W J V / Gen PAyifel , 1938-39,22, 417, 1939-40 23,171 

* It is asjumed thit the mobility of Cl~ (»d) lemajna rmchanged smee pq b taken 
as unity C/ Oiterhoat,W J V,/ Gen Physiol 1929-30,13,715 

* The cells, after bdng fre^ from neighboring cells, stood in the laboratory at 15® i 
1®C in Solution A (cf Osterhout, W J V , and Hih, S E , / Gen Physiol , 1933-34, 
17, 87) until used. They belonged to Lot B Hill, S E., and Osterhout, W J V , 
pToc,Nci Acad Sc, 1938 24, 315) unless othemise stated. 

The measurements were made on NiteHa jhxilis, Ag., using the technique desenbed 
In former papers (Hill S E , and Osterhout, W J V., / Gen Physiol , 1937-38 21, 
541) The temperature vaned from 20 to 29®C. 

Unless otherwise stated there was no Indication of injury 

Two spots D and E •were recorded but the record of E Is omitted In the reproductiona 
given here. Both D and E were connected througb the galvanometer to a spot G at the 
end of the cell Any change at G would be revealed by simultaneous changes m the 
records of D and E no such change occurred m the records here given. 

After an exposure of some minutes with 0 0003 ii hexylresorcmol at D and 0 01 u 
NtCI at E there was sometime* a sudden loss of p j) at E, as though hexylresordnol had 
passed from Z) to E, a distance of 1 cm. where the cell was surrounded by moist our 
since hexylresordnol Is surface-active this may have played a r61e, 

* The hexyircsordnol was kindly donated by the firm of Sharp and Dohme of Glen 
olden, Pa. 
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records the difference between two spots, D (m contact with 0 01 ir NaCl) 
and G (in contact with 0 01 m KCl which reduces the p d approxunately 
to zero) At the start, D had a positive^ p n of about 65 mv ■\^dieii the 
reagent was apphed at Z>, the curve, after a latent penod of about 32 sec- 
onds, rose slowly, indicating a loss of p d The latent penod and the slow 
nse of the curve recall the effects of guaiacol on Haheyshs,^ and 

Yalonia 

The average duration of the latent penod was about 25 seconds with 
0 0003 M hexylresoremol it became shorter as the concentration was 
mcreased ^ It seems possible that this is due, m part at least, to the time 
necessary for the reagent to penetrate through the protoplasm to the inner 
protoplasmic surface, F, which is the chief seat’^ of the p d 

When the depression of the p d reaches a certam pomt it may call forth 
an action current,” as seen m Fig 2 This has also been observed when 
the p D is depressed” by KCl and has been explamed as due to the dis- 
charge from a neighbormg region 

A few cells gave curves like that shown m Fig 3 Here the record shows 
the difference m p d between two spots, D and G, both m contact with 
0 01 M NaCl On applymg hexylresoremol at £> the curve fell and then 
rose, indicating an increase in the positive” p d followed by a decrease 
The promptness of the mitial change mdicates that the effect is on the 
outer surface of the protoplasm The subsequent rise of the curve appears 
to be of the usual sort, probably mvolvmg penetration to the inner proto- 
plasmic surface 

^ The p D IS called positive when positive current tends to flow from the vacuole 
across the protoplasm to the external solution 

8 0sterhout,W J V,J Gcm FAystol , 1938-39. 22, 417 
* Osterhout, W J V , T Geti Phystol , 1937—38, 21, 707 

lOQsterhout, W J Y ,J Geii Physwl , 193(5-37, 20, 13 In this case the f v be- 
comes more positive 

The values vaned from 3 to 180 seconds 

” Cf Osterhout, W J V , 7 G^« Phystol , 1934-35, 18, 215 The upward movement 
of the curve also occurs when we apply 0 0003 M hexylresoremol dissolved m distilled 
water to a spot previously m contact with distilled water Hence it does not depend 

on the salts m contact with the external surface 

” This may be propagated along the cell but usually is not It is more apt to be 

propagated when the latent period is short 

” Hill, S E , and Osterhout, W J V ,J Gen Physiol , 1937-38, 21, 541 
” A change in the positive direction is produced by guaiacol m Valonta Osterhout, 
W J V ,J Gen Phystol , 1936-37, 20, 13 
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In order to get at the cause of the positive change determinations were 
made of the concentration effects of NaCl and KCl With normal cells 



Fig I Shows the effect of hcxylresorcmol 0 0003 u At the start the recorded spot 
(D) m contact with 0 01 si NaG had an outwardl) directed (positis'e) pj) of about 
65 mv When its contact with the aolution was broken the curve jumped to F the 
free gnd of the amplifier Contact waa then made (marked by arTOv\) with 0 01 u 
NaG + 0 0003 u heiylresorclnol and after a latent penod of about 32 seconds the curve 
slovdy rose approiimately to zero (The zero is labelled App zero since it Is only 
an approximation ) 

Two spots D and £ (1 cm apart) were connected through the gaK’anoraetcr to a 
spot G at the end of the cell m contact with 001 si K.CI (which reduced the tjj at G 
approxunatdy to zero) An) change at G would be shown by sunultaneous changes in 
the records of D and E No such change occurred The record of E (not shown here) 
shows that no changes occurred at E 

Vertical marks 15 seconds apart 

The cell was freed from neighboring cells and kept 5 days m Solution A at 15 ±1 C 
The ejcpenmcnt was performed at 21 C 


App zero 
50 mv 

Foe. 

Flo 2 Shows an action current mdaced b> hcx\lre3orcinol At the start the spot 
recorded (ZJ) in contact with 0 015 u NaG had a positive pj) of about 95 mv Whtm 
its connection with the solution was broken the curve jumped to F the free gnd of the 
amplifier It was then placed in contact with 0 015 u NaG + 0 0003 xi heiylresoranoL 
\fter a latent penod of about 27 seconds the curve rose gradually until an action current 
occurred. 

Two spots D and E were recorded (the record of £ is not shown) both were con 
nected through the galvanometer to a spot G at the end of the cell in contact with 0 01 u 
KQ (which reduces the pj) appronmatdv to zero) The records show that there was 
no change of r ji at this spot or at £ during the cipenmcnt- 

Vcrtical marks 15 seconds apart 

The cell was freed from naghbonng cells and kept for 3 days at 15 ±1 C in Solution 
A The eipcnmcnt was performed at 23 C 

the following values were obtained The average concentration effect'* of 
NaCl (0 01 ii followed b\ 0 001 ii or vice ^rsa) \"ancd from 20 to 41 in\ 



** The dilute solution positive m the external circuit 
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(depending on which lot of cells was measured) The corresponding values 
for KCh' are 28 to 49 mv 

During exposure to hex)dresorcmoI 0 0003 m the concentration effect'^ 
of NaCl falls off and may approach zero This indicates that the mobihh 
of Na+ IS approachmg that of Cl- (va) 

When this happens, NaCl has less tendency to lower the p n and the 
result IS a downward (positive) movement of the curve, as seen in Fig 3 
But if the change in is dela 3 '^ed this effect maj^ be masked bj the tend- 
enc} of the curve to rise as the result of other changes This happens in 

App zero 
50 rav 

Pos 

Fig 3 Sho\\s an effect of 0 003 Jt hexylresorcinol At the start the spot recorded, 
D, in contact with 0 01 ii NaCl, had an outwardly directed (positive) p d of about 103 
mv When its contact wnth the solution was broken the curve jumped to F, the free 
grid of the amplifier It w'as then placed m contact w ith 0 01 n NaCl + 0 003 si hcxsl 
resorcmol The curve fell, indicating an increase in p d and then rose approximatch 
to zero which is here taken as though 0 01 sr KCl were at G 

Two spots, £> and E, were connected through the galvanometer to a spot G at the end 
of the cell m contact wnth 0 01 m NaCl The record of E (not shown here) shows that 
no change occurred at £ or C during the expenment 
Vertical marks 5 seconds apart 

The cell w'as freed from neighboring cells and kept for 5 da\s in Solution ■V at IS 
± 1°C The experiment was performed at 29°C 

many cases, as seen in Figs 1 and 2 The duration of the positive dip 
therefore varies considerabl}'' 

The concentration effect of KCl also falls off during evjjosure to heuT 
resorcinol indicating tliat is approaching t'd 

Before exposure the average potassium effect, te 0 01 m KCl followed 
by 0 01 M NaCl, amounts to from 53 to 76 mv (depending on wdnch lot 

When 0 001 M KCl is followed b\ 0 01 m, action currents ma\ occur which make the 
change in p n undulj large C/ Hill, S E , and Osterhout, V J V , / Gen PInsiol , 
1937-38, 21, 541 In all cases the change was made horn 0 01 to 0 001 ii 

, the effect of substituting 0 001 n for 001 at, both solutions containing 0 0003 

II hexylresorcmol 

Although the test maj be made after the cuiwc has risen approximatch to zero 
the spot is not dead for it recovers its normal pm when the hexjlrcsorcinol is remoeed 
unless the exposure has been prolonged bexond 5 minutes and even then there is rccoeerj 
in many cases 
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of cells 13 measured) Durmg exposure to the reagent this also falls off 
This indicates that K+ and Na+ are becommg more alike in respect to 
mobihty" or partition coefBaent or both 

It may be added that the vanabihty of the cells used m these experiments 
was unusually great. This was due m part to the fact that they were 
collected at mtervals throughout the year and covered an unusual range 
of seasonal variations. 

A recent paper by HSber and coworkers” states that heiylresorcmol 
reversibly depresses the resting pjj of frog muscle and of frog nerve 
They ascribe this to a dispersing effect on the colloids of the surface It 
IS probable that herylresorcmol produces structural changes m Nttella but 
the nature of these alterations requires further mvestigation 

SOUMAB.V 

In some ways the effects of heiylresorcmol on NUdUi resemble those of 
guaiacol but m others they differ 

Both substances depress the pjd reversibly and both decrease the po- 
tassium effect. 

Heiylresorcmol decreases the apparent mobihty of Na+ and of K+ 
Guaiacol mcreases that of Na+ but not of K+ 

The action of heiylresorcmol is more stnkmg than that of guaiacol smee 
0 0003 It of the former is as effective as 0 03 m of the latter m depressmg 
the PJ) 

It 13 evident that orgamc substances can change the behavior of mor- 
gamc ions m a variety of ways 

Regarding tMs see {ootnote 3 

” HSber, R. Anderjh, M , HBber, J , and Nebel B , J Cdl and Comp Phynol., 
1939, 13, 195 




THE COMTOSraON OF FLUIDS A2^ SERA OF SOME MARINE 
ANIMALS AND OF THE SEA WATER IN WHICH 
THEY LIVE 

By william H. COLE* 

(From the Mt Daert Isiand Btoioircal Lab<frchry, Salsbnry Cere Maine, and the 
Labanlcry of PkytvAogy, Rutien Univertiiy, New Brunswick, New Jersey) 

(Received for pabUcatlon, Febmary 23, 1940) 

Knowledge of the chemical composition of body fluids and blood sera 
of the common manne mvertebratea of North Amenca is surpnsmgly 
scarce, although for European speaes the data are more complete (Bialasze- 
W 1 C 2 , 1933, Bethe and Berger, 1931, Robertson, 1939) When, recently, 
we had the opportunity of analyzing numerous speaes we found a parallel 
senes of analyses had been completed by Homer W Smith but never pub- 
lished Professor Smith has kmdiy permitted us to mdude his data here 
and thus to make the present report considerably more complete than 
it otherwise could have beem* 

Matmal and Meiheds 

For all the speaea studied care -was taken to avoid contamination of the fluids by 
sea -water or by other fluids of the animal, and to use only fresh intact animals m good 
condition After drying the outaide surface of each animal the fluids were albwcd to 
dnp fato dean containers or were removed by pipette or hypodermic svnngc Where 
dotting occurred, the fluids were -Yigorously -whipped to remove the clot. In a few cases 


•The fluids studied by W H C were oallected at ML Desert Island Biological 
Laboratory, Sabbniy Cove, Maine during the summers of 1938 and 1939 and analyzed 
at Rntgcn Umverrity Prdfanlnary reporta were made by Cole and Kaialsld (1939) 
and by Parker and Cole (1940) For assistance In preparing the samples we ore indebted 
to Miss Barbara Parker and for aualyxing them to Dr J D Neuss For 
assistance during 1939-40 we are Indebted to the Permanent Sdence Fund of the Amen 
can Academy of Arts and Saences 

* The fluids studied by H. W S from edunodeims, worms, Bomarus, and Myxine 
were collected and analyted at the Mt Desert Island Biological Laboratory during 
the summer of 1927 and those of Bomana, Callinecies, and LxmuJus In New York during 
the winter of 1927-28 Professor H W Smith expresses his indebtedness to the staff 
of the New York Aquarium for supplying live and sccliroatixed material to the Elka 
beth Thompson Saence Fund during 1927-28 for ffnancal assistance and to Herbert 
SHvettc for aid in the anal>’«s 
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the clots were analyzed separately m addition to the serum If not analyzed imme- 
diately, about 1 ml of toluene was added to each 100 ml of fluid as a preser\'ativc 
Those analyses marked HWS (Table I) were made by the methods descnbed bj 
Smith (1929), while m those marked WHC the methods were as follow chloride by the 
method of Wilson and Ball (1928) with the addition of nitrobenzene as suggested bv 
Caldwell and Moyer (1935), sulfate by the microgravimetric determinaUon of BaSOi 
usmg the filter stick techmque, calcium by the method of Clark and Colbp (1925), 
except that the precipitate of calcium oxalate was separated by filtration instead of 
centrifugation, magnesium by the method of Greenberg and Mackey (1932) using the 
calaum-free filtrate, sodium by the colorimetnc method of Saht (1932) except that 
the precipitate was separated by filtration mstead of centrifugation, potassium by the 
colorimetric method of Shohl and Bennett (1928) usmg filtration to separate the precipi- 
tate Studies on the copper, mtrogen, and hemocyamn content of Eomarus, Cancer, 
and Ltmultts will be reported later 

Where both CO 2 and pH determmations were made (HW^S) the body fluid was re- 
moved without exposure to air mto a syringe sealed with paraffin oil In the case of 
small animals the analyses were made of pooled samples of blood from several specimens 
In larger species (Asienas, Solaster, Echturics, Hotmirus, and Ltmilus) individual animals 
were used Those anunals analyzed by HWS from “sea water” and “harbor is-ater” 
respectively m New York had been in the New York Aquarium for several months and 
were more or less acclimatized Although the sea water of the aquarium is constant in 
composition, the harbor water is contmually pumped from off shore and vanes m com- 
position with the tide The pH of the fluids studied by IVHC was measured bv the 
glass electrode and that of fluids studied by HWS by the qumhydrone electrode 
The freezmg pomts were detemuned by the Beckman thermometer on pooled samples 
which had been m the refrigerator not more than 24 hours (WHC), or by a Hcidenham 
thermometer immediately after collection (HWS) 

DISCUSSION 

Discussion of the data will be facihtated by considering first the animals 
hving in “full strength” sea water, and secondly, those hvmg m diluted 
sea water or harbor water Normal or full strength sea water may be 
arbitrarily defined as water contammg 450 millimoles or more of chlonde 
10 ns per hter 

Ammals from Sea Water of "Normal” Coneeniraiton (s Chlorimty of 450 

or More, Tables I and II) 

The freezmg pomts of the fluids of worms, echmoderms, and of Venus 
agreed well with that of sea water, mdicatmg an isotonic condition This 
conclusion agrees with other data m the hterature, for a discussion of 

which the reader is referred to Khogh (1939) 

Botazzi (1897), MacaUum (1909-10), Schlieper (1935), and Pearec 
(1932) have reported that m the crab, Lwiidus, and the lobster the body 
fluid IS hypertomc to sea water, while isotonicity has been reporte y 
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Fredencq (1903-(M), Garrey (1905), and Dafley, Fremont-Smlth, and 
Carroll (1931) Since in our experience six different pooled samples eadi 
of Bomarus and Ltmubts collected m three summers were consistently 
hypertomc we conclude that this is the normal condibon Our data arc 
less extensive for the crabs, Calltncdts and Cancer, but these also mdicate 
hypertoniaty 

The pH of all body fluids was distmcUy below that of sea water There 
was evidence that the pH of the sera of lobster, crabs, Limulus, and Myxtne 
varied less among different individuals than did the pH of the blood and 
body fluids of the edunodenns, worms, and Venus Furthermore, the 
amount of COi present in fluids of the worms, Arthropoda, and Myxtne 
was considerably greater than m the edunoderm fluids (excepting Slrongylo- 
ceniroltis), the COi content of which was almost identical with that of 
sea water 

In accordance with procedure preferred by oceanographers, based 
primarily on the ease and accuracy of the chlonde detenmnation, the 
electrolyte composition is presented m terms of chlorimty, » e , mfllimoles 
of ions per hter divided by the mflbm oles of chlonde ions per hter of fluid 
(Table I) For sea water at Salsbuty Cove and New York the values ob- 
tained by HWS and WHC agreed dosdy with those reported by Clarke 
(19H) and Thompson (1936) for pure sea water The small differences 
between the values of Thompson and those in Table I for potassium (HWS) 
(0 0179 vs 0 0188 and 0 0204), and for suHate (HWS) (0 0516 tis 0 0629 
and 0 0609) are perhaps due to the normal vanabon m the concentration 
of those ions m near shore sea water, which has not yet been thoroughly 
mixed with open ocean water Such variation could be caused by varymg 
amounts of decomposition of small animnts and plants, the former givmg 
rise to excess sulfate and the latter to excess potassium.’ The consistently 
low values for magnesium (WHC) for Marne sea water and for the fluids 
of animals from Maine (0 0977 to 0 0687, 0 0663, etc.) were probably due 
to some unknown systematic error m the analytical procedure for magne 
slum The data of HWS are m doser agreement with the composition of 
Atlantic sea water For the diluted sea waters from Delaware Bay and 
New York Harbor, the concentrations of potassium, calaum, and sulfate 
relative to that of chlonne were significantly different from those of pure 
sea water, a result to be eiqiected m harbor waters (Clarke, 1911) 

Although the actual lomc concentrations of the fluids give important 
information, the data are more easdy mteipretcd by consideimg the ionic 

’ The marled accomulaUon of potassium by marine plants may be fflustrated by 
Valonta (Oitcrbout, 1926'27) 
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wncentrations of the fluids m relation to those m the external medium 
The ratio of concentration inside to that outside furmshes CMdence con- j 

Freesing Points, pE, and Composition of Some Manrc aA' 


Speaes and liabitat 

Fluid 

pH 

- 

■a* 

c 

1 

HWS 

WHC 

HWS 

WHC 

m r 

Sea ivater, Salsbury Cove — ^Maine 



8 10 


1 759 

41) 

Sea -water — ^New York 




1 850 


5b - 

Citcumana frondosa — ^Mame 

Codomic 

7 30 

7 SO 


1 750 

45/ , ' 

Cncumana frondosa — ^Maine 

Ambulacral 

. 

7 75 


1 749 

- 1 1 

Aslenas vulgaris — ^Maine 

Coelomic 

7 20 

7 54 


1 762 

41' ' 

Chirodola lacvts — ^Maine 

Coelomic 

7 00 


- 


4'3 1 - 

Solastcr endtea — ^Mame 

Coelomic 

6 90 

— 



4'ij- 

Bchtnarachnuts parnia — ^Mame 

Coelomic 

6 90 





4=8 

Strongylocenirolus drobachtensis — ^Maine 

Coelomic 

7 20 

7 84 


1 776 

45ji / 

Amphitnte hrunnea — ^Maine 

Blood 

6 80 







4// ' 

Glycera dtiranchtafa — ^Jfame 

Blood 

7 40 




— 

41!' 

Echturtis pallasn — ^Maine 

Coelomic 

7 60 

— 


— 

450, 

Venus mcrcenana — ^Maine 

Mantle 



7 90 



1 760 

-1 1 

Homarus amcncanus — Maine 

Serum 

7 61 

7 45 

— 

1 811 

47j{'’ 

Homarus amencanus — ^New York 

Serum 

7 55 



1 880 

— 

47:.' 

Cancer iorealts — Maine 

Serum 


7 81 

— 

1 825 

- jc, 

Cdhiiectcs hastatus — ^New York 

Serum 

7 55 

— 

1 932 

— 

f'O'- 

Limulus polyphemust 

Serum 

7 24 

7 47 

1 880 

1 783 

465 

Zlyxtne gluiinosa — Maine 

Serum 

7 63 

— 

— 

— 

44’ - 

Delaware Bay water 


— 

S 01 

— 

1 336 

— itJ 

Venus merccnana — Delaware Bay 

Mantle 

— 

7 65 

— 

1 369 

"i-: 

mcrcenana — Delaware Bay 

Blood 

— 

7 68 

— 

1 386 

- 1 ( 

Limuhis Polyphemus — ^Delaware Bay 

Serum 

— 

6 98 

— 

1 378 


New York Harbor water 


— 

— 

0 651 

— 

1// " 

Ltmulus Polyphemus — New York Harbor 

Serum 

7 46 

— 

1 01 

— 

263 '' 1 

Catlinecies hastaius — ^New York Harbor 

Serum 

7 49 

— 

1 61 

— 

411 ^ j 

Homarus amencanus — New York Harbor 

Serum 

7 56 


0 945 


2,0 ' ^ 


*The total non-protem nitrogen in the sera m no case exceeded 20 mg per cent and the 
■was entirel}’’ absent in Linndiis (Denis, 1922) the blood of -which contains a high concentration ‘-, 
t Analj^ses by were made on animals from sea water near New York, analyses by Ivn | c 


cemmg the equihbna estabhshed with respect to the several ions Such 
ratios are given in Table U, where the subsenpts t and o refer to concen- 
trations in the fluid and in the surrounding sea water respectively Sunilar 
compansons have previously been made for some of the ions m several 
mvertebrates (Duval, 1925, Bethe and Berger, 1931, Dailey, Fremont- 


TO TT.r.TA lf H. COLE 


579 


Smith, and CanoU, 1931, Bogucki, 1932, Bateman, 1933) In view of 
the latitude of analytical error and of variation between individuals. 


'lauls and of lit Sea Water in Whch lie Ammals Ltred* 


Chiorktlty ntio$ la mil/BUt 





Ceja 

UiAa 

Bcwa 

COi 


HWS 

WHC 

HWS 

WHC 

HWB 

WBC 

HWS 

WBC 

HWB 

WBC 

HWS 


0 Ml 


0 0188 

rtsfV!!ri 

0 0195 

liloRI 





2 IS 


0 859 

- 

0 0204 

- 

0 0293 

- 


- 


— 

2 15 


0 862 

linTtl 

0 0199 

rionl 

0 0192 

VMfllrlM 

0 103 


0 0612 

0 0509 

2 14 


— 

0 962 


0 0158 

— 




— 


— 


0 846 


0 0196 


0 0192 

MtHJJ 

rVTITV 




2 13 


0 861 

— 

0 0198 

— 

0 0209 

— 

0 113 

— 

0 0619 

— 

2 24 


0 861 

— 

0 0198 

~ 

0 0196 

— 

ram 

— 

0 0615 

— 

2 40 


0 857 

— 

0 0169 


0 0192 

— 

0 101 


0 0611 

— 

2 24 


0 861 

0 904 

0 0199 

0 0188 

0 0196 

rinvn 

rmf^ 

raTn 


0 0496 

6 00 


0 851 

— 

mm 



— 

0 115 

— 


— 

5 0 


— 

— 

0 0199 

— 

0 0207 

— 

0 127? 

— 


— 

5 0 


0 917 

— 

0 0263 


0 0191 

— 


— 


— 

8 00 

1 


0856 

— 

gfiTr?! 

— 



0 0486 

— 

0 0496 

— 

1 

0 934 

0 962 

0 0172 

0 0197 

0 0214 



0 0191 

— 

0 0105 

5 12 


0 937 

— 

itioTTM 

— 

0 0383 

— 


— 


— 

5 SO 

) 

— 

0 960 

- 


— 

0 0240 

— 

0 0457 

— 

0 0392 

_ 


0 958 



- 

0 0410 

— 


— 



7 0 

i 

0 909 




0 0346 

BlnCT 

0 0584 




7 0 


0 897 



— 

0 0118 

- 


- 



3 7 

9 

— 

0 878 

— 




— 


— 

0 0514 



3 

— 

0 799 

— 

0 0182 

— 


— 


— 

0 0515 


4 

— 

0 826 

— 

0 0184 

— 


— 

0 0778 

— 

0 0508 



6 

— 

0 984 

_ 

IMiIiVhH 

— 


— 


— 

0 0183 




0 904 


0 0152 

— 


— 


— 


— 




0 981 


0 0249 

— 


— 


— 

0 0169 

_ 

10 8 


0 985 


0 0204 

— 

0 0397 

— 


— 


— 

5 6 


0 859 

iB 

0 0296 

— 


— 


— 


— 

5 1 


dnJ not exceed half this valnc. Urea -was almost entirely absent from Semarus, and of course 
Be. 

^laimals edketed at Harpswdl, Marne and kept m Salsbuiy Cove sea water for 3 months. 


ratios between 0 9 and 1 1 should probably be taken to indicate unifonn 
distribution between the internal and external medium Katios less than 
0 9 mdicate exclusion, and ratios g;reater than 1 1 mdicate accumulation 
of ions relative to the external medium 
We find that the animals exammed here may be classified into four 
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groups according to the composition of the body flmd compared to that 
of the external medium The first group consists of the echmoderms and 
the dam, Venus, the flmds of which showed lomc ratios of 10 ± 01, 


TABLE n 

Ratios of Ionic Concentrations in Animal Fluids to Those in the Environmental Sea Water, 
Expressed in Millimoles of Ion Per Liter 


Speaes and habitat 

Fluid 

Chlorio 
ity of 
tea 
water 
in niM 
a/lJta 

Nat 

Na* 

Kt 

Ko 

Cai 

Ca, 


1 

S0(, 

sbi^ 

* Cucumana frondosa — Maine 

Coelomic 

488 

1 oo: 

!0 96. 

m 

0 991 

1 013 

0 993 

* Astenas vulgaris — Maine 

Coelomic 

488 

0 991 

!1 OK 

!0 962 

0 95S 

1 018 

0 993 

Chtrodola laem — ^Maine 

Coelomic 

483 

1 OK 

)1 06( 

)1 085 

1 lOO 

1 010 

1 007 

Solasier endica — Maine 

Coelomic 

483 

1 OK 

)1 06C 

)1 016 

0 992 

1 010 

1 000 

Echinarachntus parma — ^Maine 
* Strongytocentrotus drohaehtensts — 

Codormc 

483 

0 99' 

1 011 

0 995 

0 982 

1 010 

0 969 

Maine 

Coelomic 

488 

1 008 

1 097 

0 981 

0 944 

1 023 

0 981 

Amphitrite hrunnea — ^Mame 

Blood 

483 

0 976 

1 429 

1 016 

I 100 

0 988 

1 027 

Glycera dibranchtala — ^Maine 

Blood 

483 

— 

1 055 

1 064 

1 228 

1 000 

0 927 

Echturus patlasii — Marne 

Coelomic 

483 

1 057 

1 385 

0 975 

0 850 

1 023 

0 994 

Venus mercenarta — ^Maine 

Mantle 

492 

0 961 

0 871 

0 979 

0 740 

1 045 

1 004 

Venus mercenana — Delaware Bay 

Blood 

319 

1 104 

0 933 

2 093 

0 927 

1 172 

1 157 I 

*Eomarus amencanus — Maine 

Serum 

488 

1 054 

1 018 

I 448 

0 180 

0 995 

0 197 

Eomarus amencanus — ^New York 
Eomarus amencanus — ^New York 

Serum 

525 

1 028 

0 838 

1 231 

0 181 

0 943 

0 330 

Harbor 

Serum 

177 

1 450 

1 678 

3 505 

0 332 

1 525 

0 350 

Cancer loredis — ^Maine 

Serum 

492 

1 004 

1 200 

1 186 

0 648 

0 974 

0 740 , 

Calhnedes hastalus — ^New York 
CaUtnectes hastatus — New York 

Serum 

525 

1 020 

1 262 

1 279 

0 184 

0 914 

0 356 

Harbor 

Serum 

177 

2 531 

1 879 

4 095 

3 186 

2 322 

3 318 

Limulus Polyphemus — New York 

Serum 

525 

9 933 

I 346 

1 03P( 

3 522 

3 882 

3 644 

Limulus polypltemus — JIaine 

Limulus polypltemus — ^New York 

Serum 

492 

3 989 

1 112 

3 949 ( 

3 8281 

3 972 ( 

3 824 

Harbor 

Serum 

177 

625 

477 

382 C 

319 

497 ( 

395 

Limulus polyphemus — ^Delaware Bay 

Serum 

319 

082 

176 

170 C 

783 ( 

966 0 343 

Myxtne ghiltnosa — Maine 

Serum 

483 ( 

968 

000 ( 

) 564]0 430j0 928|0 197 


* These ratios were calculated from averages of the values of HWS and WHC from 
Table I 


exceptmg the unexplamed low ratio of 0 74 for magnesium m the mantle 
fluid of Venus 

The second group mdudes the worms, two of which accumulated potas- 
sium {Amphtnte 1 4 and Echwnis 1 38), one accumulated magnesium 
{Glycera 1 2), and one exduded magnesium {Echturus 0 85) Ratios for 
the other ions were 1 0 dr 0 1 
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The third group includes the Arthropoda, all of which gave ratios of 
1 0 ± 0 1 for the sodium and chlonde ions, but excluded sulfate and mag- 
nesium, the bbster, Bomarus, being espeaally effiaent m this respect. 
As to the other ions, the following differences among the four species 
appear to be significant Bomanis serum contamed on the average the 
same amount of potassium as the sea water but accumulated calaum, 
LtmuUis serum, on the other hand, contamed the same amount of calaum 
but accumulated potassium, the crabs, Cancer and Calhnectes accumulated 
both potassium and calaum Ratios calculated from data on the Euro- 
pean lobster, Bomarus vulgaru, and crab. Cancer pagurus, reported by 
Robertson (1939) are closely similar to the ones given here, except for the 
calaum ratio m Cancer which is 1 47 instead of 1 19 , and the potassium 
ratio m Bomarus which is 1 45 mstead of 0 98 Since a footnote sug- 
gested that the potassium content was “possibly too high” for Bomarus 
the calculated ratio may also be too large 

The fourth group consists of the pnrmtive chordate (Cyclostomala), 
Myxtne, the serum of which showed ratios of 1 0 ± 0 1 for sodium, potas- 
sium, and chlonde ions, but excluded about one-half of the calaum and 
magnesium ions and about 80 per cent of the sulfate ion Although the 
freering pomt depression was not recorded, the chlonmty of the serum 
mdicated approximate isotomaty with sea water Except for this differ- 
ence Ifyane serum resembled typical vertebrate sera much more closely 
than those of mvertebrates 

The ratios for groups three and four showed unmistakable differential 
equihbna for at least three of the four ions potassium, calaum, magnesium, 
and sulfate In Bomarus, for example, the average ratios were as follows 
potassnim, 0 928, calaum, 1 340, magnesium, 0 180, and sulfate, 0 264 
The over all distnbution is, of course, the resultant of absorption and 
excretion but m the net indicates a physiologically preferential distribution 
across ather the absorbmg or excreting membranes That such preferen 
tial capadhes are physiologically significant among the mvertebrates is 
sometimes overlooked, smce the capaaty of the fishes and higher aquatic 
vertebrates to regulate so effiaently the osmotic pressure of the body fluids, 
a capaaty poorly developed among the mvertebrates, overshadows the 
lomc composition of the lower forms The unequal distribution of ions 
imphes the expenditure of energy against a concentration gradient across 
the membranes mvolved (Further evidence on this point may be found 
m the papers of Duval (1925), Bethe and Berger (1931), Dakm and Ed 
monds (1931), Bogucla (1932), and Bateman (1933) ) 
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Anumls from Diluted Sea Water {Chlonntiy Less Than 450, Tables I and II) 

Venus, Jlomarus, Calhnecles, and Ltmulus collected from brackish ^^atcr 
showed significant differences from specimens living m sea water All 
the fluids -were hypertonic to the external medium, even the mantle fluid of 
Venus The relative hypertonicity of the arthropods was much greater 
than in sea water It should be noted that the compositions of the mantle 



Fig 1 Ratios of ionic concentrations m lobster {Jlomarus) scrum to corresponding 
concentrations in environmental sea v/atcr plotted against concentration of chlondc 
ions in the sea water 

fluid and of the blood of Venus were identical within the expermicntal 
error Each contained more calcium than the Bay water Since living 
conditions for the clam are less favorable m Delav/are Bay than in pure 
sea water, it is likely that the increased calaum content is due to the solu- 
tion of CaCOj from the valves, v/hich -was reported by Dugal (1939) in 
clams kept out of sea water for some time 
The mcreased hj'pertonicity of the Arthropoda was not caused by equally 
increased concentrations of the different ions A graphical representation 
of the data for Eomarus (Fig 1) shows how the distnbution of each ion 
changes independently when the animal moves from sea water into braclush 
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water Rabos for magnesium and sulfate remam about the same in dilute 
sea water but the other ions accumulate on the following order 
Ca>K.>Cl>Na which differs from the order m sea water Similar 
results are shown by Callinectes and Ltmtilus It has long been known 
(Krogh, 1939) that the fluids of marine invertebrates, isotomc to sea 
water become hvpertomc to the external medium when the animals hve m 
brackish water, but the differential accumulation of ions has not been 
reported The possibihty, however, was foreseen by Macallum (1926) 

smaiAiY 

1 The electrolyte composition, the pH, and freezing pomts of the fluids 
of several mvertebrates and one primitive chordate are reported 

2 Fluids of the worms, echmodenns, and the clam Vtnus were isotonic 
with sea water , fluids of the Arthropoda were hypertonic to sea water 

3 The pH of all fluids was below that of sea water In the Arthropoda 
and Myxtrte less mdividual variation m pH appeared than in the echmo- 
derms and worms 

4 Ratios of lomc concentrations m the fluid to those in the sea water 
mdicated (1) uniform distnbution of ions between the mtemal and external 
media for the echinoderms and Vatui, (2) (Merential distribution of 
potassium and magnesium m the worms, (3) difieientiBl distribution of 
sulfate, magnesium, potassium, and calcium m the Arthropoda, and (4) 
differential distribution of calaum, magnesium, and sulfate m Myxtjte 

5 The unequal distribution of ions unphes the expenditure of energy 
against a concentration gradient across the absorbmg or excretmg mem 
branes, a capaatv frequently overlooked m the mvertebrates. 

6 The sera of the Arthropoda from diluted sea water showed higher 
concentrations of sodium, potassium, caloiim, and chlonde Ions relabve 
to the respecbve concentrabons m the external medium than m normal 
sea water, and also showed different orders for those ions 

7 The mcreaae m osmobc pressure of the sera of the nnnnflla movmg 
mto brackish water is caused by unequal accumulabon of sodium, potas- 
sium, calcium, and chlonde ions Sulfate and magnesium ionic ratios do 
not change 
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EXPERIMENTS ON THE ADAPTATION OF ESCHERICHIA COLI 
TO SODIUM CHLORIDE 

By MICHAEL DOTJDOROFF 

{From ihs Hopktns JScnne Station of Stanford Uwctniiy Paafic Grove, CaUforma) 
(Received for publication, January 23, 1940) 

INTRODUCTION 

Since the isolation and pure culture study of nucroorganisms, invesbga- 
bons on the variability and adaptability of this biological material have 
frequently been undertaken with the hope of thereby contributing to some 
fundamental biological problems A parbcular impetus to such studies 
was given by the development of the theory of evolubon, the controversy 
between the monomorphistic and pleomorphisbc viewpomts, and, more 
recently, by the discovery of adapbve enryme fonnabon It seemed likely 
that an examination of the behavior of the outwardly undifferentiated 
microorganisms could contribute much towards a better understanding of 
the underlying pnnaples of the phjlogenetic evolution of higher forms. 

WhQe some defiutte results and luterpretatious have been obtained m studies on 
protozoa (JoHos (1), Jennings (2, 3) Hosre ( 4 ), Oiatton and Telhcr (5)) gimilar In- 
vcsUgations with bacteria have yidded leas defimte, and sometimes controversial data. 
The reasons for this are not difficult to undeistand. Protozoa can be studied even as 
single individuals which is virtually impossible in the case of bacteria The expen 
menta on the latter have, therefore dealt with progenies of individuals rather than with 
the units thanselves so that the Interpretabons must be based on statistical analyses 
of growth curves, the morphological aspects of colonies, etc. Yet, the recent develop- 
ments m the study of miciobic variations (Beijennck (6) Hadley (7), Maver (Q, 
Pmnerand Vddneh (9), Doudoroff (lD-12)) have dearly demonstrated that individuals 
m a pure culture may possess morpholo^caHy, phyiblogically and biochemically 
different charactenstics which can be transmitted to their offspring On the other 
hand the most important mvestlgatKras on adaptation and Baars (13), Burke 

and cowoikeis (14, 15) Yaas (16), Karstibm (17), Stephenson and coworkers (18, 19), 
Knight (20) Lewis (21)) have not always made it possible to deade how far the 
observed variations were caused by the environment through a direct modification of 
the cells or through selection of Individuals with certain pre-existing potcntlahties. 

A sencAis difficulty in the appbeation of the results of such studies to the 
mterpretation of adaptabihty, mutabihty, and evolution of higher forms 
15 the apparent absence of sexual phenomena m many of the microorganisms. 
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Sod adaptation op eschericbia coli to sodium chloride 

A detailed survey of the hterature pertaming to these problems is found 
in the recent study of Vaas on adaptation of Bactlhis viegathemmi to sodium 
chlonde (16), to which the reader is referred 

The following report represents an exploratory study of the adaptaUon 
of Escliertchto- coli to an unfavorable environment Sodium cblonde was 
used m preference to other inhibitory agents because of the ease of its 
administration and the considerable hterature on halo-tolerance and adapta- 
tion to saline media 


I 

Preliminary Experiments and Standardization of Methods 
1 Preliminary Experiments 

The first experiments were designed to study the behavior of bactena 
grovm m ordinary fresh-water media on transfer to unfavorably saline 
nutnent solutions The results can here be briefly summarized smce Vaas 
(16) has recently pubhshed experimental data which are in complete agree- 
ment with my own With an increase m the sahmty of the medium the 
viable count of various fresh-water bactena^ remams constant until a 
certam NaCl concentration, varymg with the species, has been reached, 
thereafter this count drops progressively with further mcrease These 
results were mterpreted to mean that a selective process was mvolved, some 
cells bemg better able to survive and reproduce under unfavorable condi- 
tions than others The proportion of cells capable of reproducmg m a 
medium with a certam salt concentration was fairly constant under a given 
set of conditions This suggested a means of studymg the “acclimatiza- 
tion” process, using as a cntenon of adaptive changes the ability of the 
orgamsms to reproduce under unfavorable conditions, as measured by 
changes m viable counts made m defined sahne media This cntenon of 
acclimatization is essentially the “success test” of animal and plant ecolo- 
gists, desenbed by Shelford ^ A few investigators, eg Chatton and Tellier 
(5), and Vaas (16), have recognized the advantages of this cntenon over 
those more commonly applied but basically different, such as (1) the death 
pomt or death tune of organisms subjected to lethal concentrations or doses 
of the factors to which they had been acclimatized (Jacobs (23), Jollos (1), 

1 The bactena used were Bactlhts nigcr, Bacillus sublilts, a species of Pseudomonas 
isolated from enrichment cultures containing inorganic salts and eth:>lene gbcol, and 
two strains of Eschenchta colt 

~ Shelford, V E , Laboratory and field ecology, Baltimore, The Williams &. U iltins 
Co , 1929, 99 
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etc.), and (2) the metabohc rate of organisms in an unusual or unfavorable 
environment (Kluyver andBaara (13), Stephenson and coworkera (18, 19)) 

Our method depends on the assumption that cells capable of reproducmg 
m aalme media produce viable oSspnng, and can therefore be counted by 
the colony or dilution method techmque. The fairness of this assumption 
has been demonstrated by the results reported by Vaas (16) as well as 
my own. 

It was necessary to standardize a techmque for determinmg the number 
of bacteria viable m various concentrations of salt so as to obtam constant 
and reprodudble results Plate counts were found entirely unsatisfactory 
when high concentrations of salt were used m the agar After some research 
the use of plate counts was abandoned, except for determinations of viable 
counts with httle or no salt, and instead, the much more tedious, and under 
ordinary conditions less accurate method of broth dilutions was adopted. 
(C/ (24), (25), and (26*) ) Counts obtamed m fresh water broth agreed 
very closely with those arrived at by the plate method, and, as evidenced 
by the various tables, this method gave satisfactory results also when 
salme broth was used Although the absolute viable counts m the same 
salt concentration varied from experiment to experiment, duphcate counts 
from the same culture were always m satisfactory agreement The sig 
nificant changes m viable counts mduced experimentally were far greater 
than the variation among comparable counts m duplicate experiments. 
An additional advantage of the dUubon method is the fact that the eounts 
are made under conditions more closely approximatmg those of the cultures 
in which the organisms were grown. 

For the development of a “standard techmque” it was necessary to 
determine the effect of factors which influence considerably the viabihty 
of bacteria m salme broth. 

The complexity of the problem soon made it necessary to limi t either the 
scope of the mvesbgation or the number of organisms to be used Inasmuch 
as it was expected that a more comprdiensive study of a smgle stram would 
yield more frmtful results, the experiments discussed m the foUowmg sec 
bons were earned out with a strain of Eschenchta coli This organism was 
chosen because so much work has been published deahng with its physiology 
It should, however, be pointed out that a number of other organisms may 
have advantages for the study of such adapbve processes which would tend 
to weaken the justificabon for the conbnued use of this common mtestmal 

•Buchanan, R. E , and Fulmer, E. L, Physiology and biochemlitiy of bacteria, 
Baltimore, The tVilhama & WHkina Co., 1928, 1, 10 
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commensal, whose chief claim to populanty seems to be its abundant 
occurrence m feces, sewage, and drinking water The strain used was a 
stock culture, isolated at the Hopkms Manne Station some 3 years pre- 
viously, and kept smce on yeast agar slants 

Z Hydrogen Ion Concentrotton 

The pH of the sahne broth m which the dilution counts were made is an 
important factor affectmg the viabihty of the organisms (See Table I ) 
For this reason the pH of the medium was carefully controlled and a con- 
siderable amount of buffer used 

The results summarized m Table I were obtamed by making dilution 
counts of a suspension from a 24 hour yeast extract culture m media with 


TABLE I 

Dilution Counts of a Culture of E coh m Media with Different NaCl Concentrations at 

Various pH Values 


Viable counts ivith 

0 per cent Nad 

S per cent NaO 

6 per cent NaCl 

1 

PE 

6 0 

j 

4 5X10* 

2 5X10* 

6 5 


2 OX 10> 

9 5X10* 

7 0 

1 8 X 10' 

7 5 X 10' 

4 5X10* 

7 5 


9 5 X 10' 

2 5X10* 

8 0 


6 5 X 10' 

4 5X10* 


two different NaCl concentrations, and adjusted to vanous hydrogen ion 
concentrations with the aid of a glass electrode * 

An aad reaction of the medium combined with high salinity is unfavor- 
able to growth Sherman and Holm (32) showed that NaCl mcreases the 
tolerance of E coh to hydrogen ions This mcreased tolerance of micro- 
organisms to vanous unfavorable influences m the presence of relatively 
low salt concentrations may be rather general (Baars (28), van Niel (29)) 
Yet, the results laid down m Table I are not m conflict with these observa- 

^ The general composition of the nutnent broth was as follows 
Distilled water 
Yeast autolysate 
KHiPOi 

NajHPOi 12HsO 
NaCl 

NaOH or HCl to desired pH , ^ uon 

The yeast autolysate was prepared accordmg to the method described by Eiema J, 

p 80) 


2 S per cent by volume 
0 135 per cent 
0 78 per cent 

5 per cent and 6 per cent respcctiv’cly 
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tons, the salt concentration was so great that in itself it exhibited a toxic 
effect The additional burden of an unfavorable hydrogen ion concentra- 
tion thus merely mcreased the inhibition 
Between pH 7 and 8 there was no significant difference m viable counts 
Hence neutral media were used for subsequent eipenmenta, smce the buffer- 
ing capaaty of the phosphates is greater there than at higher pH values, 
and smce the cultures m yeast extract become alkaline as a result of metab- 
olism 


3 Conceniratum of Nulnentj 

Table H shows that m media with 6 per cent and 7 per cent NaCl more 
bactena could develop if the concentration of nutrients was reduced. 


TABLE n 


Nunher of Badena Dadoptng w Saline Broth roWt Differoni Coneentraiiotu of Yeast 
Autolysate 


VhbU coati wtUu. 

4 per cent 

Y pcrcebtNnQ 

Coacentzstioa of Tcact tntol' 
yiftte m per cest by volame 

0 5 

2 5 X 10* 

4 5X 10* 

1 0 

7 S X 10* 

2 5X10* 

2 5 

4 5 X 10* 

P 5 X 10> 

S 0 

4 5 X 10» 

2 5 X IC^ 

10 0 

2 5 X IC^ 1 

7 5 X 10* 


These surprising results would lead one to beheve that m the presence of 
high concentrations of NaQ the yeast autolysate exerts an addibonal in 
hibitory influence The possibUity seems excluded that such an effect 
would be due merely to an mcrease m the total osmotic pressure of the 
solution From the observed boiling pomt of undiluted yeast autolysate 
the concentration of dissolved substances was computed to correspond 
osmobcally to less than 2 per cent NaCL The difference m osmotic effect 
between 03 and 1 per cent yeast autolysate would thus amount to an m 
crease correspondmg to only 0 01 per cent NaCl The counts m 2 S per 
cent yeast autolysate with 6 per cent NaCl and m 0-5 per cent yeast autoly- 
sate with 7 per cent NaCl show that the number of viable organisms m 
these two media is the same. Yet, the mcrease m osmotic effect due to the 
difference m veast autolysate concentration corresponds to at most 0 Oi 
per cent NaCl Also, m media with 6 per cent NaCl an mcrease m nutnent 
concentration from 2 J per cent to 5 per cent causes no further drop m the 
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mensal, whose chief claim to popularity seems to be its abundant 
irrence m feces, sewage, and dnnkmg water The stram used was a 
k culture, isolated at the Hopkms Manne Station some 3 }'^ears pre- 
isly, and kept smce on yeast agar slants 

2 Bydrogeii Ion Commlraiton 

he pH of the salme broth m which the dilution counts were made is an 
ortant factor affectmg the viabihty of the organisms (See Table I ) 
this reason the pH of the medium was carefully controlled and a con- 
rable amount of buffer used 

he results summarized m Table I were obtamed by making dilution 
its of a suspension from a 24 hour yeast extract culture m media with 


TABLE I 

ilon Co2ints of a Culture of E coh tn Media mth Different NaCl Concentrations at 

Various pH Values 


: counts with 

0 per cent NaCl 

5 per cent Nad 

6 per cent NaCl 

PB 

6 0 


4 S X 10‘ 

2 5 X IQi 

6 5 


2 0 X 10» 

9 S X 10* 

7 0 

1 8 X 10* 

7 5 X 10^ 

4 5 X KP 

7 5 


9 5 X 10^ 

2 5 X 10* 

8 0 


6 5 X 10^ 

4 5 X 10* 


different NaCl concentrations, and adjusted to various hydrogen ion 
:entrations with the aid of a glass electrode * 

n aad reaction of the medium combmed with high sahmty is unfavor- 
: to growth Sherman and Hohn (32) showed that NaCl mcreases the 
ranee of E coh to hydrogen ions This mcreased tolerance of micro- 
imsms to vanous unfavorable influences m the presence of relatively 
salt concentrations may be rather general (Baars (28), van Niel (29)) 

, the results laid down m Table I are not m conflict with these observa- 


rhe general composition of the nutrient 
Distilled water 
Yeast autolysate 
KH1PO4 

NajHPOi 12HiO 
NaCl 


broth was as follows 

2 5 per cent by volume 
0 135 per cent 
0 78 per cent 

5 per cent and 6 per cent respectively 


NaOH or HCl to desired pH 

he > east autolj'sate was prepared accordmg to the method desenbed by Elema ((27), 


)) 
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tions, the salt concentration was so great that in itself it exhibited a tone 
effect. The additional burden of an unfavorable hydrogen ion concentra 
bon thus merely mcreased the inhibibon 
Between pH 7 and 8 there was no significant difference in viable counts 
Hence neutral media were used for subsequent experiments, smee the buffer- 
ing capaaty of the phosphates is greater there than at higher pH values, 
and smee the cultures m yeast extract become alkalin e as a result of metab- 
olism 


3 Concentration of Nutrients 

Table H shows that m media with 6 per cent and 7 per cent NaCl more 
bacteria could develop if the concentrabon of nutnents was reduced. 

TABLE n 


Numhet of Bacteria Deedoptng tn Saltne Broth with Different Concentrations of Yeast 
Autolysate 


VltblA cocBta vlUu. | 

ApactntKtQ 

Y pe cBrtKftCl 

Conorntrxtion of yeut tatoW 
ynte ia per cent by Tolume 1 
0 S 

2 5 X 10» 

4 5X10* 

1 0 1 

7 5 X 10» 

2 ! X 10* 

2 5 1 

4 5 X 10> 

9 SX 10« 

5 0 I 

4 5 X 10» 1 

2 5X1CS 

10 0 1 

2 5 X 10» 1 

7 S X 10* 


These surpnsmg results would lead one to beheve that m the presence of 
high concentrabons of NaCl the yeast autolysate exerts an addibonal m 
hibitory influence The possibflity seems excluded that such an effect 
would be due merely to an mcrease m the total osmobc pressure of the 
solubon From the observed boilmg pomt of undiluted yeast autolysate 
the concentrabon of dissolved substances was computed to correspond 
osmobcally to less than 2 per cent NaCl The difference m osmobc effect 
between 0.5 and 1 per cent yeast autolysate would thus amount to an m- 
crease corresponding to only 0 01 per cent NaCl The counts in 2 5 per 
cent yeast autolysate with 6 per cent NaCl and m 0 5 per cent yeast autoly 
sate with 7 per cent NaCl show that the number of viable organisms in 
these two media is the same. Yet, the mcrease m osmobc effect due to the 
difference m yeast autolysate concentrabon corresponds to at most 0 04 
per cent NaCl Also, m media with 6 per cent NaCl an mcrease m nutnent 
concentrabon from 2.5 per cent to 5 per cent causes no further driq) m the 
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le count, wMe m the presence of 7 per cent NaCl the same difference 
;ast autolysate concentration results m a 40-fold decrease If one then 
iders that the number of viable orgamsms m 7 per cent NaCl-0 5 per 
yeast autolysate decreases to about 0 002 of the original with an m- 
;e of the yeast autolysate concentration to 2 5 per cent, whereas a 
ler doubhng of the amount of nutnents m 6 per cent NaCl has no 
t, it becomes apparent that the influence of the concentration of yeast 
lysate on the viabihty of the bacteria m NaCl media is quite complex 
3 further attempts were made to eluadate this situation, and for later 
nments a yeast autolysate concentration of 2 5 per cent was chosen 
;ranly It may seem that a lower concentration would have been 
ntageous, yet at such concentrations the total growth of the bactena 
lases considerably, and even the gross results become inconsistent, 
mg with the batch of yeast autolysate used 

4 Aeration 

iservations on the reproduction of bactena taken from a fresh-water 
um and suddenly immersed m sahne broth showed that aeration also 
important factor m detemunmg how many mdividuals will reproduce 
le unfavorable environment (See also (30, 31) ) 
lution counts of bactena from a 24 hour yeast extract culture were 
j in 7 per cent NaCl broth under the foUowmg conditions 

In test tubes slightly stirred to insure an even suspension of organisms only 
In test tubes vigorously sbrred after inoculation, and then left undisturbed 
In bottles, providing a large surface of medium exposed to the air 
In similar bottles, constantly rotated to insure thorough agitation of the medium 
In test tubes, shghtly stirred, as in (1), the contents of which were placed in 
s after 24 hours of incubation and constantly rotated as in (4) till the completion 
j experiment 

In bottles, constantly rotated as m (4) for <5 hours, after which time the contents 
transferred to test tubes, and left unagitated as m (1) 

le results are shown m Table III 

IS apparent that aeration dunng the first few hours after inoculation 
:derably mcreases the number of bactena capable of reproducing in 
jahne medium 

ir mable counts m further experiments, where at times several hundred 
ires had to be mcubated sunultaneousl}^ it was impractical to use 
tant stirring, and we were limited to the use of test tubes The tubes 
stirred vigorously for 10 seconds after inoculation and then left un- 
irbed Although maximum values would not be obtamed vnth this 
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method, the expectation that comparable results would be obtamed by the 
use of a uniform techmque was proved to be correct by further tests 

5 Standard Method 

The standard method adopted for the further experiments may be sum- 
manxed as follows 

1 AU culture media were made with distilled water, and contained 0^ per cent by 
weight KHjPOr-NaiHPOi Sfirensen buffer at pH 7 and 2^ per cent yeast autolysate by 
volume (27) ^Vhen salt was used in the media, suffiaent NaOH was added to bring the 
pH to 7 0-7 1 05 determined with the glass electrode. 

2 Ordinary viable counts were made on yeast agar plates (10 per cent yeast antoly 
Bate in tap-water with 2 per cent agar, 0 1 per cent KiHPOi, and 0 05 per cent MgSOd 
In some cases 3 per cent NaQ was added to the agar (where indicate^ This sdinity 


TABLE m 

Aeraium and ViabUUy of E edi in Saline Broth 


1 

VUbIc coont b 7 pet cent 
N»a brotb 

1 In tubes, not idgwously stintd ! 

4 5 X 

2. In tnbes, edmd after inoculation 

6 5 X ICP 

3 In bottles, not stirred 

1 5 X ICP 

4. In bottles, constantly agitated 

2 5 X 10* 

5 In tubes during 24 hn., then agitated in bottles 

7 5 X 10> 

6 Agitated in bottles for 6 hia., then transferred to tubes 

2 5 X 10* 


did not reduce the viable count when organisms were taken from a fresh water medium 
(see Table IV) and was used m those cases where the bacteria had been grown m more 
concentrated yajinf- broth and a sudden change to fresh water medium was not desired. 

3 Total cell counts were made with a Petioff Hanseer counting chamber 

4 Viable counts m saline broth were made by the dflutlon method Ordinarily 
three senes of deamal dfluUons of the culture m saline veast extract medium were 
prepared- The tubes were thoroughly shaken for 10 seconds after moculation and 
sealed with ‘parafilm” to prevent concentraUon of the solution by evaporation. The 
most probable number of viable edb was determined from the tables prepared by 
McCrady (25) 

5 The cultures from which the viable counts were made were grown In aeration 
flasks the air bubbled through the cultures was passed through a column of NaQ sola 
tion at the same temperature and of the same salinity as that of the cultures, 

6 The initial inoculum for an etpenment was standardized by making two succes- 
sive transfers In aerated fresh-water broth, each Incubated for 24 hours. 

7 All cultures w er e grown at 3S®C 

By tismg this standardized technique, the results yielded by duplicate 
detenmnationa in any one experiment agreed quite dosely The following 
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experanent demonstrates this A 24 horn fresh-water broth culture was 
used for the estimation of the number of cells viable m a fresh-water and a 
sahne medium Six mdependent determmations were made, each consist- 
ing of three senes of dilutions m 6 per cent NaCl broth The results showed 
a total viable count (fresh-water medium) of 2 4 X 10® orgamsms per cubic 
centuneter and 2 5 X 10®, 2 5 X 10®, 4 0 X 10®, 4 5 X 10®, 4 5 X 10®, 6 5 X 
10® bactena per cubic centimeter viable m sahne broth 
In view of the fact that the dilution method per se is considerably less 
accurate than the plate count method, and that the viabihty of E coh m 
6 per cent NaCl media is dependent upon so many factors, the mdividual 
vanations are not surpnsmg, and the results may be deemed satisfactory 
The agreement between viable counts obtamed by the dilution and plate 
methods m fresh-water media, and m those contaimng 3 per cent NaCl is 


TABLE IV 

Comparison between Plate Counts and Dilution Counts without and with 3 per cent NaCl 



Eip 1 

Exp 2 

Total cell count (determmed nuCToscopically) 

2 7 X 10» 

2 1 X 10» 

Viable count, plate method, no NaCl 

2 4 X 10» 

1 9 X 10» 

" “ dilution “ " “ 

2 5 X 10» 

2 0 X 10* 

“ “ plate “ 3 per cent NaCl 

2 2 X 10» 

1 9 X 10» 

» “ dilution “ “ “ " 

2 0 X 10’ 

2 5 X 10* 


revealed by Table IV, representing two experiments performed on different 
days 

It appears that the vanation between dupheate espenments is msignifi- 
cant at low concentrations of salt It becomes, however, progressively 
wider with the use of more concentrated sahne broth, as may be seen m 
Table V and m subsequent experiments 

H 

Individual Vanaii-on tn Adaptability to Sahne Media 
1 Differential Counts m Various Salt Concentrations 

It has been stated that the proportion of mdividuals m a fresh-water 
culture capable of reproduemg m a salme environment becomes progres- 
sively smaller with an mcrease m salmitj’’ Table V is presented in 
illustration of this phenomenon 

This relationship between the percentage of viable organisms and the 
sahmty of the medium was practically constant m a large number of expert- 
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ments, provided that the bacteria were grown in fresh water broth under 
standard conditions The expenments discussed in the following pages 
were designed to study the vanous factors by which this relationship can 
be changed 

Z Influence of ihe Deodopmenial Phase of ihe Culiure 
Vaas (16) has shown that the ability of B megathenum to grow in saline 
media, as determined by the fraction of total viable cells in fresh water 
medium able to produce colomes m saline agar, is a function of the de- 
velopmental stage of the culture The adaptability was lowest in the early 
loganthmic penod and greatest during the early stationary phase • 


TABLE V 


Rdaiion of VtabU Couni to NaCl Conconimilon 



VUbk cotmt 

Exp. 1 

; Exp 2 




0 

2 5 X 10* 

2 OX 10* 

3 

2 OX 10* 

2 5 X 10* 

4 

0 5X10* 

4 5X10* 

5 1 

2 3 X 10* 

7 5X10* 


4 5 X 10* 

2 5 X 10* 

7 1 

9 5 X 10» 

1 2 5 X 10» 

8 1 

1 Lett than 1 X 10* 


To determine the rdatiou between the “physiological state” and the viable counts in 
saline broth, 100 cc. of 2^ per cent yeast autolysate broth wertf inoculated with 0 001 
cc. of a 24 hour culture of E cdi Samples were taken out after vanous intervals of 
tune. Total cell counts and total viable counts on yeast agar plates were made as well 
as dfluUon counts in 5 per cent and 6 per cent NaQ broth. Fig 1 shows the composite 
corves for three such experiments 

The total cell counts agreed fairly closely with the total viable counts m fresh water 
media for the first 24 hours. Thereafter the total cell count mcrcascd sbwly becoming 
about 15 per cent higher at 43 than at 24 hours the viable count remained constant. 
The reaction of the culture was neutral during the first 8 hours of incubation, then 
beca m e alkaline, the pH bcmg 7.3 after 24, and 7 8 after 168 hours. 

The results obtamed with E coh are m perfect agreement with the find 
mgs of Vaas for B megaihenum As judged by the ratios of viable counts 
m saline broth to those in fresh water media, the abihty of E coh to grow 
m a salme environment is greatest dunng the early stationary arid least 

• For the tenmnology used see Hcnrld (33) 
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inng the logarithmic phase Smce the cultures were started with or- 
imsms m the early stationary phase, or at the peak of adaptability, the 
Ltio decreases durmg the so called “lag” penod Adaptabihty decreases 
ith senescence of the culture 

The curves bear a stnking similarity to those obtamed for the thermal 
iath of Paramecium (Doudoroff (34)), and show the same relation of the 
lysiological condition of the cultures to the adaptabihty of the organisms 
) to their resistance to lethal agents, as shown particularly by Sherman 
id Albus (35), and by Robertson (36) It is now generally recognized 
lat orgamsms are most susceptible to tome agents durmg the logarithmic 
lase of development That such “physiologically young cells” (Sherman 
id Albus) can least stand transfer to unfavorable conditions suggests an 

intimate relation between 
their abdity to reproduce un- 
der these conditions and their 
resistance to sublethal doses 
of toxic agents as estabhshed 
by the usual catena of death 

3 Selectmi or Acchmahzation? 



OitNtta 
O O SlNckQ 
'8 © 





JU 




5 6 q >2 ii^ ffours I6S 7m 

1 Influence of the developmental phase 
the culture on the adaptabihty of E coh to 
dium chlonde 


Fig 


It has been shown that a 
certam fraction of the total 
number of bacteria in a fresh- 
water culture could adapt 
themselves to an existence in 
medium of given sahnity Growth m a concentrated sabne environ- 
ent mvolved a selection of those bactena capable of reproduemg under 
:ch conditions That another factor besides the physiological state of 
;e culture could be responsible for significant changes m the absolute 
due of this fraction soon became apparent 

If the salmity of the medium was raised gradually, more orgamsms from 
24 hour (stationar}^ phase) culture were viable m sahne broth than if the 
ictena were suddenl}'- immersed m the unfavorable medium This agrees 
tth numerous observations on the acclimatization of microorganisms to 
ifavorable environments b}'- subjecting them to small doses of the toxic 
;ent as reported in the hterature (23, 5, 14, 15) 

Equal portions of a 24 hour fresh-water culture were placed in each of four tubes and 
nstantl\ aerated At regular intervals concentrated NaCl solution (13 5 per cent 
iCl 0 5 per cent buffer) was added to each tube in such amounts as to increase the 
[init> of the mixture bj 1 per cent NaCI steps with each addition The intervals 
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between additions were 15, 30, 60 and 120 mmates m tbe four tubes rcspcctivelj In 
this manner, the salt concentration In the tubes was mercased by steps of equal magm 
tude but of diSerent duration Viable counts were made in broth contairung vanous 
concentrations of salt (from 3 per cent to 8 per cent) The samples for these dilution 
counts were taheo after the organisms had been subjected to a NaCl concentration 1 
per cent lower than that of the final test medium for a period of tunc corresponding to 
the duration of one step Thus, the counts m 8 per cent NaCl broth were made 15 30, 
00, and 120 minutes after the seventh addition of salt to the tubes Counts were like- 
wise made using sudden Immertlon from the original fresh water culture, corresponding 
to steps of no duration, and on salt free agar plates 

The results are presented in Fig 2 In Fig 2A the number of bactena 
•viable m vanous saline media is plotted against the duration of each mter- 
mediate step, -while m Fig 
2B the same data are en- 
tered with the viable count 
as ordmate and the con 
centration of salt as ab- 
scissa It will be noted 
that all organisms were 
■viable if placed directly 
into 3 per cent NaCl broth 
Less and less cells could 
survive sudden transfer to 
more concentrated media. 

However, when the organ 
isms were gradually sub- 
jected to the effect of higher 
salt conccntratioiis greater numbers could reproduce in the unfavorable 
eninronment 

That this acdimatirabon, as eipressed by changes m the developmg 
fraction of bactena, was a process of mdimdual adaptation of the cells, m 
no way dependent on growth or selecbon, appears from the following 
considerations The production of new cells would not he opected m a 
culture in the stationary phase when such a culture is subjected to imfa-vor 
able conditions ■without any addition of nutnents No reproduebon could 
be observed m the aerabon tubes, cither by plate counts, total cell counts, 
or determinabons of the total volume of bactenal mass If it is kept m 
mmd that the mibal discrepancy between the viable counts m fresh -water 
and m 4 per cent NaCl media disappeared as a result of the gradual mcrease 
m saluuty, it becomes clear that, had this behavior been due to the forma 
bon of new cells m the mother culture, an mcrease m numbers would have 



Flo 2 Ar rliTTiwriui tifm of aon-reprodocmg indi 
viduals of E coll to sodram chloride by Eubjectioa 
to regularly increasing salt concentraUonj 
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ee:! reacSy detectable. Hence it seems that the gradual add.tion of salt 
as an eSect on ail rather than on some of the cells and the increase in the 
■action o: the cells capable o: repro-c-cing in saLne broth, is tnereh* an index 
fthfsenect as meas-med 03- the hardiest or most adaptable' individuals 
Fig 2 shorrs rorther that the length of exposure to each concentration is 
r paramo-nt importance. A maximLin adaptation is obiained onlr bv 
sing exposures of snScient duration. Shorter ' steps ’ give loner > alues 
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The relation between the sire of the intermediate step and the maximirm 
number of organisms viable m 6^ per cent NaCl broth at any tune after 
the addition of salt is shown m Fig 3 No reproduction of the bacteria 
could be detected 

As might be expected, no difference m adaptability of the organisms was 
observed among those receiving buffer only, those immediately brought up 
to the full concentration of the test medium (6 5 per cent NaCl), and those 
suddenly immersed m the saline broth without any mtermediate treat- 
ment Those bacteria, however, exposed to different salinities showed 
varymg degrees of acclimatization, depending on the magnitude of the 



Fio 3 Acdimatiiatiou of E cett to sodium chlonde by subjeetjon to a tingle Inter 
mediate salt conccntratioti. Relation bettroen the magnitude of the first step and the 
maxnnum number of bacteria becoming viable In 6 5 per cent Nad broth 
Fio 4 Effect of temperature on mdividual acclimadcitiom 
A, 2^ per cent intermediate NaQ concaitration. 

B 4 5 per cent mtermediate NaCl concentration 

intermediate concentration It may be judged from this that the mcrease 
m viable counts was truly ehated by the salt and was not an artefact due 
to the dilution of the medium, aeration m saline medium, or some other 
such factor madental to the addition of salt 
It appears that an mtermediate step of about 1 5 per cent NaCl results 
m an optimal acclimatization Very low concentrations are insuffiaent to 
cause maximal adaptation, while very large ones seem to be nearly as m- 
junous to the bactena as the salmc broth m which the counts were made 

2 Effect of Age of the Culture 

Old cultures were not as readily acclimatized to saline environment by 
the gradual addition of salt as were cultures m the early stationary phase 
of development. 
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Three samples were taken from a culture m the stationary phase 24 hours after in- 
oculation, three after 48, and three after 96 hours One sample from each period was 
used for immediate dilution counts m 6 5 per cent NaCl broth without previous treat- 
ment, the second and third samples received sufficient 13 5 per cent NaCl to bring the 
salt concentrations to 1 5 per cent and 4 5 per cent respectively Portions of these 
were tested for viability in 6 5 per cent NaCl broth after exposure for varying lengths 
of time to these intermediate steps The results are shown m Table VI 

It will be seen that as the culture ages and the number of bacteria capable 
of immediate reproduction m a salme medium decreases, the maximum 
number capable of bemg acclimatized also decreases While in the case 
of a small intermediate concentration this decrease is comparable to that 
observed for the imacchmatized bacteria, m the case of a larger and less 
favorable intermediate step, the decrease is more pronounced This sug- 

TABLE VI 


Effect of Aging on Acclwtalizalion 



Maximum viable count in 6S per cent NaCl broth 

Age of culture 

None 

Intermediate concentration 

1 J5 per cent NaCl 

4S per cent NaCl 

Aff 

24 

9 5 X KF 

2 0 X 10« 

4 5 X lO* 

48 

4 5 X 10* 

7 5 X 10« 

4 5 X 10* 

96 

1 9 5 X 10» 

7 5 X KF 1 

2 0 X 10> 


gests that increased susceptibihty to mjury by salt may be an earher conse- 
quence of aging than the loss of “adaptive power” and may, in fact, be the 
cause of the latter 


3 Ejffect of Temper alure 

The rate of “individual acclimatization” depends on the temperature at 
which the organisms are subjected to mcreasing salt concentrations 

Portions of a 24 hour salt-free culture were introduced into aeration tubes, at 5°, 
20°, and 35°C respectively Sufficient 13 5 per cent NaCl solution containing 0 5 per 
cent buffer was added to bring one set of cultures at the three temperatures to 2 5 
per cent NaCl and the other set to 4 5 per cent NaCl 

After various intervals of time samples were taken from each tube and dilution counts 
made in 6 5 per cent NaCl broth The results are shoivn graphically in Fig 4, the data 
obtained -ftith 2 5 per cent and 4 5 per cent intermediate concentrations being presented 
in parts A and B respectively 

Although the theoretical and practical limitations of the method used 
for determmmg the rate of adaptation made it impossible to plot the curves 
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accurately, it is apparent that acclimatization occurs more rapidly at 
higher temperatures than at lower ones. 

Insuffiaency of data and the difficulty of interpreting the results made 
the determination of a temperature coeffiaent impossible, although from 
the mere inspection of the curves a Qio appronmatmg 2 may be estimated 
The difference m rates at different temperatures might be due to the com- 
bination of several factors responsible for ^'adaptive processes” on the one 
hand, and death of the bacteria on the other This naight explain the 
differences m the curves obtained with the more or less ^optimal” mter- 
mediate salt concentration of 2S per cent and the less favorable one of 4^ 
per cent. 


TABLE vu 


RmrnbUUy of ActJtmatizaiton 



1 Tlaie 

1 BbctoU tULIa In p«r oat KtO brolli 

Before acdhnatxeatloa 

1 

1 

9 5X10* 


After acdlmatizadcm 

0 

2 5 X 10* 

Bacteria remtpcodcd in 
buffer 

Bacteria resuspended in 
1,5 per cent N*Q 


1 

iSXlO* 

7 5 X 10' 

a 

3 

A !X lO* 

2 SX 10* 


6 

2 0 X 10» 

9SX10’ 

II 1 

20 

4 5 X 101 1 

2 5 X 10* 


A sunilar effect of temperature was demonstrated when adaptation was 
mduced by gradually mcreasmg the salt concentration 

4 Retcrsibiltiy of the Process 

Samplct from & 24 hour culture m NaCl free medram were lubjectcd to 1,5 per 
cent NaQ for 4 hours, at which tune the number of organfams capable of reproducing In 
6 5 per cent NaCl had readied a maximum. A part of this culture wa* dflutcd with nine 
parts of distilled vrater containing 0 5 per cent buffer only As a control, a similar 
portion wa* diluted with nine parts of buffered 1 5 per cent salt solution Both sus- 
pensions were aerated at SS^C., and samples taken from each after vanoua intervals of 
time for dilation count* in 6,5 per cent NaCl broth No reproduction could be detected 
in the two suspension* cither by plate counts or by determinations of the volume of 
bacterial mats. Table VIE shows the results. 

Withm a few hours after the acclimatized organisms had been returned 
to fresh water, they had completely lost their increased abihty to develop 
m saline media as judged from the fact that the number of bacteria viable 
m 6 5 per cent saline broth had dropped below the onginal value obtained 
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before the conditioning process At the same time those organisms remam- 
ing m 1 5 per cent NaCl solution showed httle if any change m adaptive 
power The relationship is even more stnkmg after 20 hours, when in 
both cases a decrease m viable count m saline broth was observed This 
decrease may be the result of a rapid senescence of the bacteria caused by 
the mcreased sahmty combmed with the dilution of the nutnents m the 
medium It seems that such senescence would proceed equally rapidly 
m fresh-water and m 1 5 per cent NaCl solutions, the relative decrease in 
\uable counts m the two media is practically the same between 6 and 20 
hours It thus appears that the processes responsible for the individual 
acclimatization are readily reversible 
That the decrease in the number of salt-viable bacteria is not due to 
death of the organisms is shown by the fact that the counts on salt-free 
agar not only failed to show an mcrease, but also revealed no significant 
decrease in the number of bactena viable m fresh-water media Thus, 
whereas the number of hvmg mdividuals m the 1 5 per cent NaCl and in 
the NaCl-free solutions was the same, it was only in the former that they 
retamed their abihty to develop m the strongly salme medium This, 
after all, is equivalent to statmg that the process of mdmdual acclimatiza- 
tion IS reversible 


iv 

CJiaractenshcs of Cultures Developing in Saline Media 
1 Storage of Acclimatized Bacteria in Saline Broth 

The experiments reported m the foregomg sections have dealt with the 
beha^uor of E colt m salt-water media when the bactena had been grown 
m NaCI-free environments, but without growth dunng the acclimatization 
penod 

Before stud)ung the effects of growth in a salme medium on adaptation 
it seemed desirable to determine what changes m adaptabihty might occur 
m orgamsms acclimatized to salt broth and left in this medium for a con- 
siderable penod of tune without opportunity for reproduction 

A 24 hour fresh-vater culture was gradually brought up to 7 per cent salinity by 
seven 1 per cent steps of 1 hour duration, thus assunng maximum acclimatization of 
the bactena to the salme en\Tronment The resulUng suspension uas constantly 
aerated at 35°C for 6 dajs and dilution counts m 7 per cent and 8 per cent NaCl broth, 
as well as plate counts on 3 per cent NaCl yeast agar were made after vanous intervals of 
time following the acdimatizaUon The results of two such experiments arc plotted in 

Fig 5 A 
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It IS apparent that organisms accjimahzed by the gradual mcnease m 
salinity remam m this state for a considerable period of tune. No further 
significant mcrease m viable count m saline broth bejond the imtially 
established masamum occurs The curves also demonstrate that a part of 
the bactena must have died in the salt medium, because the number of 
organisms viable m 3 per cent NaCl dropped somewhat, particularly during 
the earlv stages of the experiment. At the same time, the viable count m 
7 per cent NaCl broth remamed remarkably constant, no mdication of a 
simil ar mitial decrease was observed The two curves thus show that the 
mihviduals which had become fully adapted are less readily killed 

Although the non adapted 
cells die more rapidly than 
the adapted ones, vet the 
death rate is comparatively 
low Hence, at all times the 
medium contains organisms 
mcapable of reproducmg m 7 
per cent NaQ solutions but 
capable of development under 
more favorable circumstances, 
such as m a 3 pet cent salt 
medium These considera 
tiona diow that there exists a 
real difference between the 
general physiological charac 
tenstics and responses of the 
m(hviduala withm a culture 

In the foregomg experiment the bactena were left m the same medium 
m which they had developed, and to which the salt had been added It 
was conceivable that fresh sahne broth might have a different effect on the 
viabihty of the cells m NaCl-contammg media, even if they could not 
divide m it 

To test thu bacteria were acchmatued as in the pTcvrous experiment, and left in 
the same medium for 18 hours at 35°C , when 99 parts of fresh broth containing 7 per 
cent NaCl and 0 5 per cent buffer were moculated sdth one part of the culture and the 
resulting suspension was kept constantly stirred m a water bath at 0°C for 6 days 
Samples were taken out at intervals and dilution counts made in both 7 per cent and 8 
per cent NaQ broth. The results are shown m Fig SB 

While the low temperature prevents development m the freshly prepared 
sahne medium, it has no appreciable effect on the abihty of the ccIIh to 
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Fio S Storage of aedimaUxed bacteria in 
saline broth 

A Bacteria left at 35"C. in the medium in 
which they had developed, but with 7 per cent 
NaCL 

B Bactena placed m freshly prepared 7 per 
cent NaQ broth and kept at 0“C 
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multiply m salme broth at a more favorable temperature The curves are 
quite comparable to those m Fig 5 A if it is remembered that the initial 
pomts m Fig 5B correspond to those at 18 hours in the upper graph, and 
that the cultures have been diluted 100-fold 

The only significant difference between the curves in Fig 5 A and 5B 
IS that the viable counts m 8 per cent NaCl broth m the last experiment 
seem to di m i ni sh more rapidly than in the previous one This difference 
may be ascnbed to the combmed inhibitory effects of high salinity and low 
temperature on the adaptive process 

2 Studies on Successive Transfers in Saline Broth 

It had thus been ascertamed that a prolonged exposure of acclimatized 
bactena to a salme environment m which no detectable development takes 
place does not result m a further mcrease m the salt-viable counts beyond 
the maximum reached durmg the mitial acclimatization process The 
development of E coli m strongly salme media could now be mvestigated 
with a view to estabhshmg whether or not the cells produced m the presence 
of salt would show different charactenstics with respect to their adaptive 
powers from those previously studied 

Bactena from a 24 hour fresh-water culture were exposed to mcreasing salt concentra- 
tions m seven 1 per cent steps of 1 hour duration each, and left in 7 per cent salme me- 
dium for IS hours Transfers from this adapted culture were made m yeast extract 
with 7 per cent NaCl, and successive subcultures m this medium started ever}' 48 hours 
Durmg the development of the first, third, and fifth subcultures viable counts ivere 
made m 7 per cent and 8 per cent NaCl broth, as well as on 3 per cent NaCl agar plates 
Counts on the second and fourth subcultures were made only 48 hours after inoculation 
The composite results of two such expenments are plotted m Fig 6 A, B, and C, in 
w'hich the curves represent the counts obtamed in the first, third, and fifth subcultures 
respectively 

From Fig 6 A it will be seen that the number of bactena viable m 7 per 
cent NaCl broth, although mitiaUy only a fraction of the total number of 
livmg cells, soon began to mcrease, this increase becoming loganthmic with 
time, although the total number of livmg organisms did not increase until 
the number of cells viable m 7 per cent NaCl medium had approached it 
Thereafter the two curves comaded for a penod of time extendmg slightly 
beyond the logarithmic phase 

Consequently only those cells ongmally viable m 7 per cent NaCl broth 
are capable of reproducmg m this medium, while the others do not divide at 
all The loganthmic order of growth mdicates that all cells produced in 
sahne medium can contmue to reproduce m it This is supported also by 
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the close agreement between the counts on 3 per cent and 7 per cent NaCl 
media m the subcultures In addition, no discrepancy was observed 
between the viable and the direct nucroscopic counts during the loganthmic 
period m any of these expemnents. 

The 7 per cent NaQ viable count falls below the viable count on 3 per 
cent NaCl plates with senescence of the culture This suggests that even 
bacteria, grown in a strongly sahne medium lose with age, their ability to 
propagate m such a medium although they are still capable of reproducmg 
under more favorable circumstances 

An exammation of the 
curves for the viable counts 
m 8 per cent NaQ broth m 
Fig 6 A, B, and C reveals 
that they roughly parallel 
those for the counts m 7 per 
cent NaCl media Conse- 
quently, the ratio of the 
number of organisms viable 
m 8 per cent to that m 7 
per cent NaQ r emain s 
almost constant throughout. 

This warrants the conclu 
Sion that repeated transfers 
In sahne broth do not cause 
any further acchmatiiation 
of the organisms to more 
sahne environments 

The ratio of 8 per cent NaQ viable bacteria to the total number of 
bacteria present is higher m these experiments than it was after the “non 
selective acdimatization” of cultures grown m NaQ free media (Cf , e g , 
Fig 2) This might seem to imply a further acclimatisation to higher salt 
concentrations, but a careful analysis of all the data obtamed would rather 
support a different conclusion The sdecbve propagation of those i-fTlc 
capable of reproducmg m 7 per cent NaQ media, combmed with the abffity 
of a constant fraction of such cells to develop m higher salt concentrations, 
would obviously yield the observed results In view of the demonstration 
that the ratio between the numbers of bacteria viable m 7 per cent and m 
8 per cent NaQ broth is practically constant, and that m 7 per cent NaQ 
broth no mcrease m 3 per cent NaQ viable bacteria was found prior to an 
mctease m 7 per cent NaQ viable cells up to the initial number of the 



Fro 6 Development and adaptability of E nh 
in saline and salt free broth 
A tat subculture in 7 per cent NaCl broth 
B 3rd Bubculture in 7 per cent NaQ broth. 

C 5th subculture in 7 per cent NaQ broth. 

D Development in salt free broth after three 
transfers in 7 per cent NaQ medium 
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former, the mteipretatioa based on selection instead of individual accli- 
matization must be deemed more probably correct 
A number of mvestigators have obtained adaptation to unfavorable 
environments by culturmg the organisms under conditions mtermediate 
between the "normal” and the altered habitat The results here reported 
indicate that the mechanism of such adaptation would consist of both 
mdividual acclimatization, which is mdependent of reproduction, and of 
selection by the environment of those cells endowed with a wider range of 
tolerance to normally unfavorable conditions 
Both the growth rate and the maximum crop are greatly diminished in 
the presence of high salt concentrations This is clearly brought out m 
Table VIII, m which the minimum division times and the ma ximum crops 


TABLE vin 

Mxntmuvi Dtvtston Ttmcs and Maximum Crops tn Fresh and Sahne Media* 



Mmtmnm division time 

Maiunum crop 

In salt-free medium i 

mtn 

24 

1 8 X 10» 

Tn 7 per cent NaCl broth 

1st subculture 

103 

1 8 X 10» 

2nd 


1 6 X 10» 

3d “ 

104 

1 7 X 10» 

4th " 


1 9 X 10» 

5th 

1 103 

1 9 X 10" 


* The figures represent means of two experiments in each case 


m salme and in salt-free cultures are compared These findings agree 
with those of Eisenberg (37), Estor (38), Speakman, Gee, and Luck (39), 
and Vaas (16) 

From the curves m Fig 6 A, B, and C, and particularly from Table VIII, 
it IS clear that repeated transfers m the 7 per cent NaCl broth do not lead 
either to a faster growth of the bactena or to a larger crop than can be 
obtained with the first sahne culture These observations further support 
the contention that such transfers do not yield bactena with increasingly 
greater potentialities but sunply a larger number of acclimatized cells by 
a process of selection 

The morphological characteristics of cultures in media without salt 
differed from those in concentrated saline broth Innon-aerated salt-water 
cultures the growth was string)"^ and mucoid, the organisms formed a sedi- 
ment remmiscent of agglutinated bactena This was never observed in 
fresh-water cultures, where the medium became homogeneously turbid. 
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and even in old cultures, where preapitation had occurred, the deposit 
could readily be shaken up again to a uniform suspension Similar difier- 
ences, though less marked, could be observed with aerated cultures Micro- 
scopic exammation showed that m the NaCl contaimng media the mdi 
vidual cells have a strong tendency to hang together, the bactena are 
non-motile and form chains of appreaabte length During the loganthmic 
growth the organisms were distmcdy longer m saline than m salt free broth, 
but m the stationary phase the size of the bactena was agam reduced 
approximately to normalcy 

In very old NaCl broth cultures the hquid became brown, such dis- 
coloration was never observed m fresh-water media 

3 Studies on the Behamor of Saline Broth Cultures upon Relum to 
Fresh Water Media 

It has been shown that the manifestations of the mdividual acchmatiza- 
tion, mduced by exposure of non-dividing cells to mtermediate salt con 
centrabons, rapidly disappeared when the cells were re-suspended m a salt- 
free environment 

Inasmuch as the experiments presented m the previous secbon have 
failed to demonstrate a detectable difference between cells thus acchma 
bzed and new cells produced by frequent subcultures m concentrated 
NaCl media, it seemed probable that a reversibihty of the adaptabon 
process could also be proved for the latter 

After three transfers in 7 per cent NaCl broth, earned out as m the last 
experiment, a subculture was made m fresh salt free medium Viable 
counts on yeast agar as well as m 7 per cent NaCl broth were made during 
its development The results of two such experiments are shown in Fig 
6D, whde the mean minimum division rate and maximum crop under 
these conditions are presented m Table DC, together with those previously 
found in fresh water and sahne cultures. 

From Fig 6D it may be seen that there was hardly any lag phase and 
no death of bactena foUowmg the transfer of sahne-broth cultures to fresh 
water medium Yet, such phenomena might have been expected from the 
studies of Kluyver and Baars (13) and of Hoare (4) It must, however, be 
remembered that the potenbalibes of the organisms used by these mvesb- 
gators were apparently much more limited than those of E coli and 
B megatherium because after their cultures had been adapted to a new 
environment by a senes of successive subcultures under progressively 
modified condibons the majority of the cdls had become mcapable of 
reproduemg m the ongmal one Such limitations of potenbalities might. 
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through, continued selection, bring about a segregation of populations 
which are, m some physiological aspects, suffiaently different to suggest 
separate speaes 

It IS also apparent from Fig 6D and from Table IX that the dinsion 
rate as well as the total crop immediately revert to their normal values for 
fresh-water broth This definitely bars the possibility that the salt- 
tolerant cells of E call selected by the cultivation m a sahne medium differ 
m their intnnsic reproductive powers from those mcapable of dividmg m 
the presence of high NaCl concentrations 

The viable count m 7 per cent NaCl broth, roughly equal to the total 
viable count at the begiiming of the experiment, is seen to decrease so 
rapidly that 2 hours after moculation it can no longer be computed At 
the end of the logarithmic phase the number of bactena viable in 7 per 


TABLE DC 

Companson between Growth Rates and Crops tn Salt-Free and Saline Media* 


1 

Minimum division 
bme 

Ma«mum crop 


min 


In salt-free medium 

24 

1 1 8 X 10» 

In 7 per cent NaCl broth 

103-104 

1 6-1 9 X 10> 

In salt-free medium after 3 transfers in 7 per 



cent NaCl broth 

1 25 

1 9 X 10* 


* The figures represent means of two experiments m each case 


cent NaCl agam nses to the approximate value of similar counts made 
with ordmary fresh-water cultures never exposed to salt This agrees 
with the findmgs of Vaas (16) and proves that whatever may be the differ- 
ence between mdividuals viable and non-viable m sahne broth, it certainly 
IS not an hereditarj'’ distinction, and that the adaptation here studied can 
not even be classed as a "Datiermodtjikakon" as defined by Jolios (1) 
Thus, the abihty to reproduce m an unfavorably sahne medium, ac- 
quired through the formation of new cells m such a medium, is lost as 
completely as that acquired by the exposure of non-dividing cells to mter- 
mediate salt concentrations after the return of the acclimatized bactena 
to a salt-free environment 


v 

GENERAL DISCUSSION AND CONCLUSIONS 

The present treatise was meant as an exploration of but one of the 
many phases of the problem of adaptation of microorganisms to their 
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envuonment. It is apparent that many factors are involved in the adapta 
bon of E colt to saline media, each of which must be mvestigated m detail 
before it can be hoped that an understanding of the reactions mvolved 
will be reached 

The standard techmque as developed here makes it possible to use the 
changes m the abihty of bactena to reproduce under altered conditions 
as a cntenon of their "adaptive power” with nearly the same accuracy as 
can be attamed m ordmary deternunationa of “death pomts” or "death 
times ” 

The experiments presented strongly support, if not conclusively prove, 
Vaas’ hvpothesis of a "fluctuating variation” among mdmduals m a pure 
culture with respect to their abihty to develop m a modified environment. 
That the Imuts of such vanabihty are dependent on the miheti has been 
demonstrated more clearly than m his own experiments, for it has been 
shown that the range of tolerance can be extended without any reproduc- 
tion or selection occurring m the cultures This mdividual acclimatiza- 
tion has been demonstrated to be reversible and influenced by temperature 
That it does not merely mvolve the recovery of the bactena from osmotic 
efiects produced by the salt, as proposed by Chatton and Telher (5) m 
explanation of the behavior of protozoa, seems likely from the observabon 
that subjecbon of the organisms to a very low mtermediate NaQ con 
centrabon may widen the range of vanabon to its maximal lumts 

The developmental phase of the culture influences the abihty of the 
bactena to grow in saline media m much the same manner as it does the 
resistance to tone agents m general, suggeshng a dose relabonship between 
adaptabihty and resistance 

Some mvesbgators have emphasized the appheabihty of the law of mass 
acbon m conjunebon with due considerabon of the size of bactena to 
studies of death rates of bactena, condudmg that all the mdividuals had 
the same resistance (For a detailed discussion of these problems see 
Rahn (40, 41), Holwerda (42) ) The experiments described here provide 
ample evidence of the actual occurrence of vanabon among the mdividuals 
with respect to their adapbve abihty, hence the possibihty that vanabon 
withm a populabon would influence its stabsbcal “death rate" may not 
be disregarded 

The sdeebon by the medium of mdividuals possessmg a wider range of 
potenbahbes has also been demonstrated m the present mvesbgabons 
That the displacement of the ‘lumts of vanabihty” has no hereditary 
basis or consequence must be parbcularly emphasized 

By the analysis of viable counts and growth curves it has thus been 
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possible to separate the processes involved m the adaptation of E coh to 
a new (sahne) enwomnent into two components, namely acclimatization 
which apparently does not mvolve reproduction, and selection of mdmduals 
with the greatest potentiahties 

The methods outhned m the present work for separatmg the t^o factors 
are perhaps not the onl}’^ available nor the simplest means of attacking the 
problem, but the results seem to justify the expectation that they may be 
used with equal success for the study of a vanet^^ of related problems 

I -vwsh to express my smcere gratitude to Dr C B van Niel, whose 
valuable advice I have sought on numerous occasions, and whose unfaihng 
enthusiasm has been a source of encouragement and stimulation 

SUMMARY 

1 It has been shown that a fairly constant fraction of the total number 
of bactena m a fresh-water culture of E coh can reproduce on direct 
transfer to a sahne medium with a definite NaCl concentration, as judged 
from the Mable count determmations m such a medium 

2 The absolute value of this fraction depends on a number of factors 
other than the salt content of the test medium, such as the hydrogen ion 
and yeast autolysate concentrations, aeration, and the physiological 
condition of the bactena 

3 A method for testing the degree and rate of adaptation of the bactena 
to sahne environment, depending on the analjsis of changes in the value 
of the salt-viable fraction, was developed 

4 Maximum adaptabihtj'’ to sahne environments was found during the 
early stationarx’' phase of NaCl-free cultures Low adaptabihty accom- 
panied the loganthmic phase and the senescence of the cultures 

5 The hmits of vanation could be extended by treatment of non- 
dmdmg cells with graduall)'’ mcreasmg concentrations of salt or by 
subjecting them to a smgle mtermediate NaCl concentration This 
acclimatization was mdependent of reproduction The number of bactena 
becommg capable of reproducmg in a hitherto unfavorable environment 
mcreased with the period of exposure to mtermediate salt concentrations 
until a maximum \ alue was reached 

6 This maximum value was shown to depend on the sahnity of the test 
medium, the age of the bactenal culture, and the method of prelimmaiy 
treatment “Optimal acclimatization” could be effected by subjecting 
the organisms to a smgle fairly low mtermediate IsaCI concentration 

7 The rate of the mdmdual acclimatization process was shown to be 
greater at higher than at lower temperatures 
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8 Acdunatized bacteria rapidly lost tbeir increased abflity to reproduce 
in saline media upon return to a salt free environment, although no re 
production of the cells could be detected This was interpreted os an 
mdication that the processes mvolved are readily reversible 

9 Studies on the reproduction of E cch m strongly saline broth indicated 
that only those cells originally acclimatiaed to the salt concentration of 
the medium could divide All fylU produced m such a medium could 
continue to reproduce The propagation m the altered medium was not 
accompanied bv any further acchmatiiation throughout five subcultures 

10 Both the division rate and the maximum crop of cultures in sahne 
broth were considerably lower than of those m a fresh water medium No 
change m either occurred throughout five successive subcultures The 
morphology of the organisms was also altered by the presence of salt 

11 The division rate, maximum crop, morphology, and adaptive power 
returned immediately to normal on re-tranafer of bactena grown m an 
NaG-containmg medium to “salt free” broth 

12 The entire adaptive response of the bactena to a considerable 
increase m the salinity of the environment could thus be separated mto 
two components an acchmatization, independent of reproduction, and a 
selection of those cells with the widest range of potentialities, 
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INTRODDCTION 

Numerous studies have demonstrated that a diminished partial pressure 
of oxygen m the mspired air produces marked alterapons m the functiomng 
of the central nervous system (McFarland, 1932) All the tissues of the 
body, and particularly the nervous tissue, arc extremely sensitive to anoxia 
and to variations in the concentration of carbon dioxide Certain functions 
that involve the retina, morphologically a part of the bram and meta 
boUcally resembling it (Weinstem, 1932), also manifest extensive changes 
upon exposure to low oxygen tensions It has not been possible, however, 
to determine to what extent the effects of anoxia on vision are due to 
alterations m the central nervous system, or m the sense organ itself 

Studies of dark adaptation have shown that alterations m hght sensitivity 
offer an unusually dehcate test of the imtial effects of anoxia at partial 
pressures of oxygen where other sensory tests have failed to show rehable 
chrmges (McFarland and Evans, 1939) The dark adaptation curves 
(threshold against time) were progressively elevated on the log I axis 
with mcreasmg oxygen deprivation, the magnitude of these chrmges bemg 
0 10 of a log unit at 15 8 per cent Oj (7,400 ft ), 0 22 at 13 7 per cent Oi 
(11,000 ft ), and 0 40 at 11 7 per cent Oj (15,000 ft ) Subjectively, there 
appears to be a general darkening of the visual field dunng anona Subsc 
quent exposure to oxygen results in a marked mcrease m the brightness of 
fights (Goldmann and Schubert, 1933) These changes are probably not 
concerned with the photochermcal processes m the retina, but with the 
neural elements of both the retinn and the central nervous q'stem (Bunge, 
1936-37 McFarland rmd Evans, 1939) In careful cxperimeuts on one 
subject, McDonald rmd Adler (1939) have recently reported that anoxia 
causes an equal elevation of rod and cone thresholds, whereas vitamin A 
deficiency produces a greater change In the rod threshold 

ei3 
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Changes in certain other \'isual processes have been observed under 
conditions of acute oxygen depnvation Schubert (1932-33) and Gellliom 
(1936) have observed a considerable decrease in visual intensity discrimma- 
tion while inhaling 8 to 10 per cent oxj^gen They used Masson discs, which 
provide a rather crude measure of this function A decrease m critical 
fusion frequency for flickermg hght was reported at 10 6 per cent O 2 by 
Seitz (1940) Gellhorn and Spiesman (1935) noted a lengthening of the 
latent period of the negative after-images or even a complete absence of 
any after-images Alterations m negative after-images were also observed 
by McFarland (1937) in subjects acclimatized to 17,500 ft and 20,000 ft 
m tlie Chilean Andes The effects of anoxia on the central visual field 
have been studied by Evans and McFarland (1938) In experunents in a 
low oxygen chamber, they found that with progressive oxygen depnvation, 
begmmng at a concentration corresponding to an altitude of 13,000 ft , 
there was a progressive widenmg of the angioscotoma (Evans, 1938) 
(projected defect related to the retmal penvascular spaces) The visual 
field was obhterated except for an area 8 to 10° about the macula The 
measurements were made on a stereocampimeter with test objects of about 
0 5 mm diameter, at 190 mm from the eye 

The effects of anoxia on peripheral visual fields have been studied by 
several investigators with somewhat contradictory results Wilmer and 
Berens (1918) reported a narrowmg of the fields for form and color, in all 
quadrants, at altitudes of 15,000 ft and above, simulated m a low pressure 
cliamber Goldmann and Schubert (1933) found decrements in only the 
nasal and superior fields Upon repetition of their experiments, however, 
Kyneleis, Kyneleis, and Siegert (1935) observed no changes in the fields 
beyond the limits of error It is possible that these discrepancies were 
due to differences in experimental conditions and technique Significant 
changes in color vision due to oxygen deprivation have been descnbed 
by Vishnevskiy and Tsyrhn (1935), Velhagen (1936), and Schmidt 
(1937-38) 

Previous investigations of nsual acuitj”- under low oxygen tensions have 
not been very conclusive In none of them has the r61e of illumination been 
taken mto consideration Wilmer and Berens (1918), using a rebreather 
and a low pressure chamber, reported experiments on twenty-five normal 
males vnth the Ives wsual acuity test object They found no change in 
60 per cent of their subjects, improvement in 12 per cent, and a decrease 
of an unstated amount m 28 per cent, from which they concluded that 
anoxia causes a decrease in visual acuity On the other hand, Bagby 
(1921) also usmg a Henderson rebreather and the Ives test object, found 
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Do Significant change in visual acuity until just previous to collapse, when 
there was a marked deterioration not only of the sensory function but also 
of attention and abibty to cooperate More recently Berger and Bjfje 
(1937) made a study of the ability of two emmetropic subjects to resolve^ 
two squares while breathing air containing 8 7 per cent oxygen Two 
methods were used lununous squares on a dark field, and black squares 
on a white field In spite of marked oxygen lack, they reported that the 
resolvmg power was unchanged or only slightly decreased while using the 
luminous squares, whereas with black squares on a white field a consid 
erable decrease was found The thresholds rose 30 per cent in one subject 
and 100 per cent m the other The bnghtness of the background corre- 
sponded to a log 7 m photons of 2 875 Thev attnbuted the changes m 
this case largely to an alteration m the mtenaty discnrmnation threshold 
(cf Gellhom, 1936) 

Visual acuity is dependent, among other things, upon the intensity of 
filummation Uhtoff (1886, 1890) made the first thorough investigahon 
of this problem over a great range of iBununation using white and colored 
lights A few years later Koenig (1897) made such comprehensive observa- 
tions that his data have become classic. The most adequate and prease 
measurements of this relationship were described recently by Shlaer (1937- 
38) His apparatus was constructed so as to avoid certain variables which 
were uncontrolled m previous mvesbgabons, namely sire of the pupil, 
distance of the test object, and an extensive surrounding field equal m 
brightness to that of the test field The latter is necessary m all measure- 
ments mvolvmg a stabonary state of adaptabon of the eye 

The data of Shlaer, as also those of Koemg, when plotted as the loga- 
rithm of visual acuity (ordinate) against the logarithm of the mtensitv of 
retinal lUummatiou (abscissa) (Hecht, 1937), are consistent with the 
theory that the tebna is a double sense organ Usuig white light, a dis- 
conbniuty appears in the curve at a visual aemty ■=■ 0 16 All values below 
this are mediated by the rods, and those above by the cones The two por- 
bons of the curve were shown by Shlaer to fit a theorebcal equabon denved by 
Hedit (1934) upon the simplest ossumpbons concerning a photoreceptor 

*Tho word *'iesoIve' ii used iu Its teduucal sense meaning ability to discriminate 
detad In the study of Berger and Bdjc this detail was the space between the two 
squares. It cannot be assumed that ‘resolving power* as measured by these authors 
is synonymous with visual acuity In on earlier pubbcation they stated that thar 
measurements with black squares were the more closely related to hnsunl aemty, ’ as 
ordinarily determined. This method mote closely approximates the condiUons of our 
expemnents than does that with luminous squares 
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system If red light, to which the rods are believed to be relatively insen- 
sitive, ^ IS used instead, the rod portion is deleted and the data fall upon a 
continuous curve which represents a function of the cones alone, and also 
corresponds to Hecht’s equation (Shlaer, Smith, and Chase) This is 
also apparent m Koenig’s data when plotted as a double-Ioganthmic 
function (Hecht, 1931) Under most situations, the visual acuity mediated 
by the cones is probably of greater importance than that which involves the 
rods For this reason, and also in order to sunphfy the treatment of our 
data, the experiments to be described were made with the use of red light 
rather than white 


Apparatus and Procedure 

Visual Acuity Apparatus —The apparatus we employed for the measurement of visual 
acuity at various intensities of illumination was that described by Shlaer (1937-38) 
The illumination was varied discontinuously in steps of approximately 0 3 of a log unit 
by means of neutral Wratten filters placed just within a 2 mm artificial pupil A No 
70 Wratten (red) filter was also placed at this point The size of the test object could be 
varied continuously over a range of about 1 100, at a fixed distance of 1 meter from the 
eye It was located in the center of a uniformly illuminated field 30° in extent In our 
study It appeared as a black figure agamst a red background The test object used was 
a Landolt broken circle, or C, in which the width of the line and the gap is | the total 
outside diameter of the letter It could be rotated about its optic axis so as to be pre- 
sented m eight different meridians, 45° apart The apparatus was placed in a room with 
black walls and ceilmg, and the subject was shielded from extraneous light 

The lest object was set by the experimenter so as to be too small for the subject to 
resolve it The latter turned a knob, which caused the size of the object to increase, 
in steps of about 0 010-0 020 of a log unit of visual acuity The subject paused between 
adjustments to observe the object, until he was able to report the meridian in which the 
opening of the C was located If he was correct, the scale reading of the visual acuity 
was taken, and the test object was reset below the threshold for another determination 
If the response was incorrect the meridian was changed and the subject allowed to pro- 
ceed The order in which the meridian settings were made was according to a pre- 
determined pattern Readings on the visual acuity scale were made to 0 001-0 002 of a 
log unit, depending on the part of the scale employed With trained subjects successive 
determinations usually agreed within 0 030 of a log unit or better 

Low Oxygen Apparatus — The vanous mixtures of oxygen and nitrogen were inhaled 
by the subjects from a rubber mask which covered the mouth and nose and fitted tightly 
against the face Cylinders of these gas mixtures were prepared and their composition 
verified by analysis of samples in dupheate on the Haldane apparatus The gases ^ 

- More precisely, as pointed out by Hecht (1937) “It is not that the rods do not func- 
tion in red light, it is that in red light the cones have about the same intensity thresholds 
as the rods, but since the cones are closer together in the fovea than are the rods in the 
pcripherx', they can resolve smaller distances and therefore dominate the measurements 
bj recording the correspondmgly higher visual acuiUes “ 
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entmd a 50 liter Douglas bag from which they passed durmg mspiration through a one- 
way mercury valve to the mask. Upon expiration this valve closed and the expired 
gnw passed through a flutter valve on the mask Into the room. Changes from one gas 
mixture to another could be made by the experimenter without the subject bemg aware 
of it. 

Suijects — ^The subjects were eleven males, of sedentary occupation, all but two of 
whom were medical students. Their age range was 20-25 years with the exception of 
one (F B ) who was 43 All were emmetropic and free of organic diseases. They were, 
on the average In fair physical condition, the test havmg been made durmg the latter 
part of their summer vacation 

EXPEmSIENTAI. PROCEDURE 
Two senes of expenments were performed as follows 
Sents 1 consisted m measurements of visual acuity over practically 
the entire range of lUumlnations mediated by the cones, while the subjects 
breathed normal air and while they breathed an oxygen mixture contammg 
10 34 per cent Oi The partial pressure of oxygen m such a mixture corre- 
sponds to that at an elevation of 18,000 feet, accordmg to Bureau of Stand- 
ards data for constant temperature of 15°C {cf McFarland, 1938) 

The two subjects whose data we present were first given an extensive 
amount of practice They made observations at each of the hght mtensi 
ties used m the experiment over a penod of several days, so that they 
exhibited no further leammg and theur measurements were quite consistent. 

The actual experiment required about 4 hours The subject was first 
dark adapted for about 10 rmnutes, and measurements were begun at the 
lowest mtensities The subject kept his eye as close to the artrfiaal pupil 
as possible Before makmg observations at any given mtensity he fixated 
the center of the illuminated field for 3 imnutes so as to reach a stationary 
state of adaptation at this mtensity Four observations were made at 
each mtensity, each usually requirmg 1 to 3 minutes If any one of these 
varied from the others by more than 0 030 of a log imit, it was rejected and 
another taken m its place, this step was rarely necessary After S mmutes 
of observation, the subject was allowed to rest for 1-2 mmutes with his eyes 
closed Such rest periods were followed by a 3 imnute penod of adapta 
tion to the illuminated field before observations were resumed 
Havmg completed the observations with normal air at all the hght in- 
tensities employed, the subject was allowed to rest for 20 mmutes Then 
admmiEtration of the low oxygen mixture was begun and the entire pro- 
cedure desenbed m the precedmg paragraph was repeated m a sumlar 
manner 

Upon complebon of the measurements under these conditions, 100 per 
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cent oxygen from a cylinder was delivered to the mask and the subject was 
agam aUowed to dark adapt for 10 mmutes This change m composition 
of the mspired gases was made without the subject’s bemg aware of it 
Visual acuity determmations were then made at the lowest hght mtensity 
which had been used during the tests with the low oxygen mixture 

Senes 2 —Nine subjects were tested at two mtensities of illumination 
One was near the low end of the range for cone vision (log I m photons = 
1 159) and the other, nearly 10,000 times as bnght (log 7 = 3 120) or great 
enough to ehcit nearly maximal visual acuity Two low oxygen mixtures 
as described below, were employed 

The practice penod of about 2 hours was first given m which the subjects 
were tramed to make observations at these mtensibes Practice was also 
given at an intensity about 0 4 of a log umt lower (See below ) 

The duration of each experiment was about 2| hours The same general 
procedure was observed as m senes 1 After the measurements m normal 
air had been completed at the two illummations, dete rmin ations were made 
under the foUowmg conditions and m the foUowmg sequence 

(а) 14 31 per cent oxygen, equivalent to 10,000 feet 

(б) 10 34 per cent ox>'gen, equivalent to 18,000 feet 
(c) 100 per cent oxygen, as a control 

Each gas mixture was breathed for 15 mmutes before the measurements 
were begun Since, as will be seen later, only shght changes occurred at 
the high illummation, this was employed only at 10 34 per cent oxygen 
At least six readings were made at each pomt, dependmg on the rapidity 
with which they could be made, and on their consistency with each other 

RESULTS 

Series 1 — ^The data^ of two subjects are presented m Table I, and are 
plotted m Figs 1-3 Each datum of log visual acuity represents an aver- 
age of four measurements In Figs 1 and 2, where the description is by the 
photochemical stationary state equation (Hecht, 1934), with visual acuity 
taken as proportional to x-, the theoretical curve has been supenmposed 
on the normal air data, and then translated horizontally to the nght along 

^ Definitions of units employed 

^qsua^ acuity is expressed as the reciprocal of the angle, m mmutes, subtended by the 
finest detail distinguishable, which here corresponds to the gap in the C used as the test 
object 

Retinal brightness is given m photons (Troland, 1916) and is expressed as external 
brightness in nuUilamberts times lO/ir times pupil area in square miUimctcrs (photons = 
milhlamberts X IO/tt X pupil area m square miifimetcrs) 
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Fio 1 The data for object F B (Table I) showing the relation between log vanal 
aedty and log retinal Ohnninatioa with nonaal air and with 1034 per cent oxygen 
The curve coRespemding to Hecht's stationaiy state equation (1) (we Tiscnsion) has 
been stiperunposed on the nonnal air data, It has then been translated honsonJcHy to the 
right to obtain a fit for the low oxygen data. The + represents a final control with 
100 per cent oxygen after completion of the measurements with 10-34 per cent oxygen- 



Fio 2 The data for subject M O enable I) See legend for Fig 1 
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the log / axis until a fit for the low oxygen data was obtained For subject 
F B , this shift amounted to 0 38 of a log unit, and for M 0 it was 0 66 
of a log unit In Fig 3, the same data for subjects M 0 and F B have 
been fitted by the probabihty mtegral (cf Crozier, 1937, 1939) Adminis- 
tration of ovygen to each subject at the end of the experiment resulted in 
complete recovery of visual acuity at an illummation at which it had been 
most severely affected 


TABLE I 

Vtsi(al AcuUy tn Relation to Illumtnatxon, Normal Atr and JO 34 per cent Oj 
(Senes J) (Cf Ftgs I~3) 



Log visual ncuity 

Log/ in 
photons 

Subject F B 

Subject M 0 

Normal air 

10^ per cent 
oxygen 

Final control 
(pure oxygen) 

Normal air 

10^4 per cent 
ox>gtn 

Final con 
trol (pure 
oxygen) 

2 757 

1 049 

Not measurable 


2 961 

Not measurable 


I 159 

I 394 

I 046 

I 460 

1 350 

2 823 

1 431 

I 478 

i 584 

i 355 


i 554 



1 781 




i 761 

I 268 


0 166 

‘ 1 885 

I 726 


I 953 

I 580 


0 815 




0 146 

I 911 


1 147 

0 245 

0 152 





3 120 

0 396 

0 375 


0 455 

0 389 




Equivalent 



Eqmvalent 




A log / <= 0 38 



A log / >= 0 66 



Senes 2 — ^Table II contams the data for nme subjects breathing normal 
an, 14 31 per cent oxygen, 10 34 per cent oxygen, and 100 per cent oxygen 
m that sequence Each datum of visual acuity represents an average of 
SIX to ten measurements The average values are plotted in Fig 4 Two 
pomts, accurately determined, are suffiaent to locate the theoretical curve, 
this was drawn through the normal air data It was then translated 
horizontally to the right so as to coinade with the point representing the 
measurements at the low intensify, at each of the conditions of decreased 
oxygtn tension The curve thus drawn through the lower point at 10 34 
per cent O 2 coinades vuth the upper point as well This is confirmed by the 
fact that the maximum log visual acuity, as calculated fromthemeans of the 
data m Table 11 according to Hecht’s stationar)^ state equation (cf Dis- 
cussion) IS 0 330 m normal air, and 0 314 m 10 34 per cent oxygen The 
standard deviations of the means of log visual acuity upon which the 



lU k. UcTAICLAKTJ AND iL H- HALPERTN 


621 


computations are based (cf Table EC) are as high as 0 155, with correspond- 
ing standard errors up to 0 052 Consequently the difference of 0 016 
between log mamnum visual acuity m normal air compared with 10 34 
per cent oxygen is negligible, and leads to the conclusion that the translation 


TABLE n 


Vttuol Acuxty Data for Ntne Subjects (Serus Z) {Cf Fig 4) 


bl Ttml 


Sob/eetKo 

Dfan fftqmtTuriop, laf / « I U pbotou 

Qhuaiaatlon, to( 
/- JJ/O 


Ialtl«l 
coBtroi 
Nociul air 

ttJlM 

ceatOi 

• 10/00 II 


Flaal. 

COBtlW 

PetaOl 

Initial 
coatrah 
Normal air 

UXWper 
not 0| 

-w/xolt 

1 

I SS6 


I 132 

I 460 

0 396 1 

0 375 

2 

I W 


1 323 

I 431 

0 455 1 

0.389 

3 

r 1S6 

I 033 

5 950 

I 255 

0 213 

0 125 

4 

I (B6 


1 899 

I 151 

0 416 1 

0 379 

5 

I 121 

I 053 

5 917 

I 221 

0 241 

0 207 

6 

I 3U 

I 192 

3 928 1 

I 389 

0 236 * 

0 225 

7 

I J36 

T 201 

I 094 

I 417 

0 357 


8 

I 403 

T 308 

I 224 

I 495 

0 258 

^Wcvl 

9 

I 349 

I 101 

3 747 

I 355 

0 213 


Mean 


r Ml 

3 968 1 

I 353 I 

0 309 


Standard deviation of mean 

0 104 1 

0 116 

0 155 1 

0 118 

0 097 

0 098 

Corresponding vtsoai aedty 







per cent of DOnnal 

100 

68 

45 

no 

100 

94 

Difference from nonnal 

— ' 

-0 171 

-0 344 

+0 Wl 

— 

-0 026 

Standard deviatloii of dlf 







ference 

— 1 

0 093 

0 IS8 ! 

0 016 

— 

0 034 

Standard error of difference ' 

— 

0 031 

0 053 1 

0 015 

— 

i 0 011 

CiidcalixiSo 

— 

5 SI 

6 54 

2 73 

— 

a 40 

*P 


Lea than 
0 01 

l^CSS 

0 01 

0 03 

— 

0 05 


• P is equivalent to the probability that the observ’ed diflercnce is due to 




Statistically significant differences are represented by values of P which arc 0X15 or leas 
(Fisher, 1932) 


of the curve has no appredable vertical component, under the conditions 
of our expenments The maximum visual acuity is not affected by anoxia, 
although a higher fllumination may be required to ehat it. 

This consideratioa justifies our having translated the curves m Figs 1 
and 2 honzontally, although m the case of subject M. O (Fig 2) the visual 
acuity at the highest fllumination in anoiaa suggests a comparatively slight 
vertical translation as well The low value for this one pomt was probably 
















Fig 3 The d3.tE of Table I plotted on a probabihty integral gnd (see Discussion) 
Visual acuity, as per cent of the estiniated maximum, is plotted against the logarithm 
of retinal illumination in photons The open circles represent the data m normal air, 
and the solid circles, those at 10 34 per cent oxygen The estimated maxima of log visual 
acuity which were used as parameters are as follows 

I/pmelAtr WJ4 per ctnt Oi 

Subject MO 0 461 0 410 

Subject F B 0 413 0 383 



Fig 4 Mean data for rune subjects. Table IT The cur\'c derived from the stationaiy 
state equation (1) has been superimposed on the two points in normal air It was then 
shifted horizonldlly untd it comaded wnth the one point at log / = 1 159 for each of the 
other conditions 

The fact that the curve superimposed m this manner on this point in 10 34 per cent 
ox>gen runs preciselj through the point at log / •=• 3 120 as well, leads to the conclusion 
that there is no appreaable verticd component to the translation which is produced by 
oiv iren dennvation (See Results, Senes 2 ) 
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due to the fact that by the tune these measurements were made, the subject 
was Buffenng from marked effects of anoxemia, such as headache and 
vertigo, and it was difficult to obtain his full cooperation The data for 
senes 2 is more reliable smce more determinations at each point were made, 
and the results for nme subjects are averaged. 

The amount of translation of the curve conespondmg to the mean values 
of Table II and estimated from Fig 4 was 0.24 of a log umt at 14 31 per 
cent Oj, and 0 47 of a log umt at 1034 per cent Oi In Table HI are 
presented the conespondmg values for each subject, estimated graphically 


TABLE m 


Atnounl of Translation of Cume (A to^ I) for Each Suhftci of Senes 2, Estimated 
Graphically (Ax in Fig 4) from the Data isi Table II 


Sab}*ctKo 


lUt ptt CtBtOs 

lCU4ptrantOs 

1 

0 11 

0 33 

2 

0 4S 

0 75 

3 

0 37 

0 48 

4 

0 11 

0 24 

5 

0 23 

0 40 

6 

0 17 

0 M 

7 

0 20 

0 33 

8 1 

0 15 

0 27 

9 ' 

0 36 

0 82 

Metn 

0 24 

0 46 

AntQog of rnenn 

1 74 

2 88 

Standard deviation of mean. 

0 U 

0 21 


m a similar maimer from the data m Table II The mdividual differences 
of the effects due to anoxia were quite large. Their means correspond 
to the figures estimated from Fig 3 The amount of translation of each 
curve on the log 1 axis is denoted by A log / The antilog of each A log I, 
therefore, represents the factor by which the illummation conespondmg to 
a given level of visual acmty, m normal air, must be multiphed to obtam 
an equal acuity during oxygen depnvation 

The standard deviations are computed from the formula a = 



where d is the deviation of each datum from the mean, and n represents the 
number of data. The rehabihty of the differences m Table IT was compu ted 
by Fisher’s (1932) method for unique samples, and is denoted by P which 
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represents the probability that the observed difference is due to chance 
Values of P of 0 05 or less indicate statistically significant differences 


DISCUSSION 

These data may be fitted by a vanety of more or less empincal curves 
The stationary state equation, for example, has been shown by Shlaer 
(1937-38) to fit the data of visual acuity, and it is mteresting to compare 
the data obtamed m this experiment with the expectation based on the 
theory of photorecepUon (Hecht, 1934) Assuming a photosensitive 
matenal 5' which is changed by hght to photoproducts P, A, B and 
which IS reformed agam by a thermal reaction of some of these products, 
the equation was denved as 


where I is the hght mtensity, (a — x) and x are the concentration of sensi- 
tive matenal and photoproducts respectively, m and n are constants giving 
the orders of the photochemical and thermal reactions, and Kisz. constant 
Shlaer found that in the case of visual acuity mediated by cones, 7n = ;; = 2, 
with visual acuity taken as proportional to x^ and illumination proportional 
to KI When these are plotted m the forms of their loganthms, the shape 
of the curve is mdependent of the values of K and a which may be assumed, 
and of the units employed The value of K merely determmes the position 
of the curve along the intensity axis, while a determmes the asymptotic 
value, the maximum visual acmty corresponds to a- The equation may 
also be wntten as 


KI 


VA 


(VAL^ - VA *)» 


( 2 ) 


These experiments suggest that under reduced oxygen tension the same 
relationship holds between visual acuity and illumination as under normal 
oxygen tension, the only change bemg a shift of the curve to the nght 
along the mtensity axis which is equivalent to a decrease m the value of K 
m the above equation This means that for any given visual acuity the 
illumination must be greater at a reduced partial pressure of oxygen than 
with normal air One might thus consider the effect of anoxia as bemg 
equivalent to placmg before the eye of the subject a filter, of a density 
correspondmg to the amount the curve shifts Subjectively most of the 
obsen-^ers reported that the appearance of the field at log / = 1 159 while 
the\ breathed 10 34 per cent oxygen resembled that at an illumination 0 4 
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of a log unit lower dunng the normal air tests (This was the reason for 
giving the subjects of senes 2 practice penods at the latter intensity ) 

As a consequence of the nature of the relationship between visual acuity 
and illumination ns expressed by the curve in loganthmic coordinates, a 
shift to the nght results in a relatively great decrease m visual acuity at low 
illuimnations It must be remembered that on a loganthmic scale, equal 
distances between points represent equal proportionate differences The 
vertical distance between the curves, which represents the change in 
loganthm of visual acuity, becomes smaller with increasing lilumiimtion 
and becomes negligible at verv high dlumlnation (This fact explains the 
inconcluBivencss of the previously reported experiments on this problem, 
smcc they were performed at a level of illummation at which the changes 
in visual acuity with anoxia arc relatively slight) The average data of 
senes 2 m our experiments show that at an illummation of 0 144 photons 
the size of the smallest resolvable detail mcreased at 14 31 per cent Oi to 
1 48 times that with normal air, and at 10 34 per cent 0> to 2 21 times nor- 
mal At on lUummation of 1,320 photons, on the other hand, it increased 
to only 1 06 times normal, even at 10 34 per cent Oj It is interesting to 
note that the behavior of these differences is strikingly umform for each 
observer, specifically, the loganthm of the ratio of visual acuity in normal 
air compared to visual acuity under conditions of reduced oxygen is on 
inverse function of log /, which approaches zero as / is increased indefinitely 
The figures representmg the amount of shift of the curve on the intensity 
axis ore of the same order of magnitude as the ahift of the dark adaptation 
curves upward on the log I axis in anoxia, ns reported by McF arland and 
Evans (1939) The data of the two experiments, however, arc not strictly 
comparable. Several conditions were different in the earlier report White 
light was used, yielding data which represent largely the behavior of the 
rods, no artificial pupd was used, and the observations wore binocular 
The results of these experiments and their relation to the data of dark 
adaptation imght be interpreted in accordance with Hecht’s (1928) explana- 
tion of visual acuity and illummation Visual acuity depends upon the 
resolving power of the retina which is composed of discrete rods and cones 
Its resolving power is therefore dependent upon the number of functional 
elements m n unit area The thresholds of these elements are distributed 
In a statistical manner similar to that of other populations As the intensity 
13 increased the total number of elements whose threshold is exceeded also 
increases, and with it the visual acuity, which is thus detenmned by the 
integral form of this distribution curve At the highest illummation all 
the cones arc functional and no further mcrcasc m visual acuity is possible 
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The elevation of hght threshold during dark adaptation m low ox}'gen 
may be considered as mdicative of a shift of the distribution curve of the 
thresholds of the \nsual elements to the right, toward increasing mtensitv 
This would result m a sumlar shift of its mtegral cun^e— which corresponds 
to the %asual acuity curve— along the mtensity aus That the latter does 
actually occur is shown by the present experiments Further, the fact that 
the maximal nsual acuity during anoxia, as computed from (2), is the same 
as that m normal air would follow from the consideration that under both 
conditions the maxunal nsual acuity is determined by the total number 
of cones per imit area, at least m the emmetropic eye 
The studies of Crozier (1937, 1939, 1940) have demonstrated that vanous 
visual data can be fitted at least as well by the probabihty integral of Gauss 
as b)^ the stationaty state equation In the case of flicker, when vi = « 
and critical fusion frequency (F) is proportional to the first power of x in 
equation (l),this equation is mathematically identical with the Verhulst 
logistic, 

® _ Franx 

X ® — — - ■ — , or P — i3) 

I j ^ g--j) Ids K/ ' ' 

m which p = If 11 The shape of this function differs only shghtly from 
the probabihty integral In order to determine which fits a set of data 
more accuratel}", a large range of ver3'^ prease data must be available 
In the case of cone ^^sual acuity, which is proportional to the second power 
of V m equation (1), the goodness of fit of the stationar}’^ state equation (1) 
cannot be tested by plottmg the data as per cent of V A on a logistic ' 
gnd, the relationship is not hnear However, by shghtly decreasmg the 
value of the parameter V A max and plottmg the data as per cent of esti- 
mated maximum ^nsual acuity on a probability mtegral gnd, a rectihnear 
relationship can be obtamed In Fig 3 we present the data for subjects 
iM O and F B treated m this manner It is to be noted that the fit is 
certamly as good as with the photochemical (stationaiy state) equation 
The slopes (i c , l/(r\^i) are equal for M 0 , although for F B a very slight 
and probably not significant increase of slope m anoxia was noted In 
order to obtam a good hnear fit for the low oxj^gen data of both subjects, a 
lower estimated maximum wsual acuity had to be used as parameter than 
for the normal air data The evaluation of this parameter m these data 
is influenced chiefly by the value of one pomt, that at the highest illumina- 
tion As we haxe already desenbed (cf Results), the mean data of nine 
subjects (m senes 2), which vere obtained under conditions vhich per- 
mitted more measurements at each mtcnsit} and are consequently more 
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reliable, contradict sudi a decrease in maximum visual acuity m low 
oxygen, although this may be obscured by the averagmg process 
The fact that our data can be well fitted by the probabihty mtegral is 
consistent with Crosier’s (1940) conception of the detenmnation of visual 
functions by processes m the central nervous system. Indeed, eiqienments 
on the effects of anoxia on the light sense (dark adaptation) suggest that 
the photochemical system is not affected by anoxia (McFarland and 
Evans, 1939) Some process further back in the visual mechanism, prob- 
ably mvolvmg the nervous mechanisms of the bram and retina, seems to be 
altered However, our data are certainly not mconsistent with Hecht’s 
descnption of the relationship between visual acuity and illumination under 
constant conditions by means of the photochemical hypothesis 
The changes m visual acuity which were observed m this experiment may 
be attributed directly to the effects of anoxia for the foUowmg reasons 
When 100 per cent oxygen was inhaled from a cyhnder, through the same 
breathmg equipment but unknown to the subject, normal visual acuity 
was restored immediately Thia occurred at an Dluminabon where the 
acuity had been severely affected and to a degree which was even somewhat 
above the acuity while breathing normal air at the beginning of the experi- 
ment Thus, fatigue, the wearmg of the mask, and other such factors can 
be excluded as possible causes of the changes, which were progressive with 
progressive decrease m oxygen tension Moreover, although it is well 
known that anona causes psychic disturbances, the changes observed m 
these experiments are not attributable to a decrease m effort or variation 
m attention since at the highest niumination, where the test object was 
smallest and the task consequently most difficult, the changes m visual 
acuity m each subject were minlmnl 

The slight improvement of the final control values, compared with the 
initial testa m normal air, may be attributed to two factors First, the 
prachce received by the subject m the mterval may have resulted m some 
improvement of his abihty to resolve the test object Second, it is pos- 
sible that the inhalation of 100 pec cent oxygen from a cyhnder may result 
m a slightly higher degree of visual acuity than normal air, although it is 
an established fact that even under the latter conditions the oxygen satura- 
tion of artenal blood is about 95 per cent of its capacity Rosenthal 
(1939) has shown that inhalation of 100 per cent oxygen is associated with 
a contraction of the retinal angioscotomas as compared with normal air, 
an effect which is m the opposite direction to that caused by anoxia (Evans 
and McFarland, 1938) This suggests that the shght additioual oxygen 
content of the artenal blood may produce percepbble sensory dianges. 
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As a possible practical appbcation of our results, it might be concluded 
that, as far as foveal visual acuity is concerned, it is much more important 
that airplane pilots use oxygen durmg night flights than durmg dayhght 
flights Ferree and Rand (1938) have stressed the importance of a high 
visual acuity m dim illumination for mght flymg and night dnvmg 

SUMMARY 

1 The foveal visual acuity of eleven subjects was studied m relation 
to lUummation under normal atmospheric conditions and at simulated 
altitudes of 10,000 feet (14 3 per cent O 2 ) and 18,000 feet (10 3 per cent 0*) 
A mask was used to administer the desired mixtures of oxygen and nitrogen 
At the end of each experiment, measurements were made while inhahng 
100 per cent oxygen from a cylmder A red filter (No 70 Wratten) was 
used so as to study only the behavior of the cones of the retma 
- 2 The logarithm of illummation was plotted horizontally (absassa) 
and the loganth m of visual acmty vertically (ordmate) The reduced 
oxygen tensions resulted m a shift of the curve to the nght, along tlie 
mtensity axis, the extent of the change bemg 0 24 of a log unit at 14 3 per 
cent 02 and 0 47 of a log umt at 10 3 per cent O 2 These effects were com- 
pletely counteracted withm a few minutes by inhahng oxygen 

3 As a consequence of the shape of the curve, such a shift to the right 
resulted m a relatively large decrease of visual acuity at low illummations 
At mcreasmg hght mtensities anoxia produced less and less change, until at 
very high illummations the decrease was neghgible Thus with 10 34 per 
cent Oa the visual acuity at 0 144 photons decreased an average of 0 344 of a 
log umt, to 45 per cent of its normal value At 1320 photons, however, it 
decreased only 0 026 of a log umt, to 94 per cent of its normal value for that 
mtensity 

The authors are greatly mdebted to Dr Simon Shlaer, of the Laboratory 
of Biophysics, Columbia Umversity, who kmdly placed his visual acuity 
apparatus at our disposal and made suggestions which were mvaluable for 
the realization of these expenmen ts We are grateful to Professor W J 
Crozier for suggestmg that our data be fitted according to the probability 
mtegral function We also wish to express our indebtedness to The Linde 
Air Products Company for the generous supphes of mtrogen 
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ADSORPTION OF BACTERIOPHAGE UNDER VARIOUS 
PHYSIOLOGICAL CONDITIONS OF THE HOST 

Bt it delbrOck* 

{From Ike TKtiAam G Kerckkoff Laboraiona oj the Bioiogtcol Sclenees, Coiijomia InsHlule 
of Teckttotogy^ Fasoderui) 

(Received for pobUcttlon, January 29, 1940) 
mraoDuenoN 

The first step in the growth of bacteriophage is the combmabon of phage 
with the suscepbble bacterial host The rate of this combmabon is, under 
simple condibons, proporbonal to both the bacterial concentrabon and 
to the phage concentrabon Various aspects of this process have been 
studied quanbtabvely by previous workers (1, 2) Their results wfil be 
analyzed and discussed in the seebons enbtled ‘Ttesidual free phage,” and 
“Theory of adsorption rates ” The main purpose of this paper was the 
study of a detail of the adsorpbon process that had not previously received 
attenbon, namely the dependence of the rate constant of adsorpbon on the 
physiological state of the bacterial host. Such a dependence must be an 
bapated for two reasons First, it is known that the size of a bactenum 
changes very considerably dependmg on its phase of growth m a given 
culture medium, and an mcreased cell surface should lead to an increase 
of the adsorpbon rate on to a given number of bacteria. Second, for mo- 
tile bacteria, like B cch, the adsorpbon will be faster when the bactena 
move about rapidly than when their motihty is reduced by adverse phj sio- 
logical condibons. 

Our experiments show that the rate constant under optimal condibons 
IS more than sixty times greater then under poor condibons 

Adsorption Rates 

The mam difficulty in the measurement of atlsorpbon rates is of course 
the fact that the adsorpbon process starts off the growth of the phage 
Later the phage will be hberated from the bacterial host and will then 
mterfere with the determinabon of the unadsorbed fracbon For ibis 
reason most measurements of adsorpbon rates have been earned out either 
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viTitli dead bactena or at a temperature suffiaently low to prevent grov th 
Another method of evadmg this difi&culty consists m making use of the short 
latent penod which elapses between the infection of a bactenum and the 
release of newly grown phage from it This method has been used by 
Schlesmger (reference 2, page 145) and by EUis and Delbruck (3) and was 
also used m the present experiments The limitation m time set by this 
condition enforces the use of comparatively high bactenal concentrations 
m order that the decrease of free phage will be measurable It also requires 
accurate defimtion of the time mterval to which the measured adsorption 
is to be referred This can be achieved by reducing the adsoiption rate 
at the desired moment to one hundredth of its former value by a lOO-fold 
dilution of a test sample 


TABLE i 


Adsorption Rale Constants in Cm ^/M tn 


Type of bactena 

Physiological state 

i cm 5/niln 

Observer 

B coh 

Live, resting 

15 X 10-><> 

Schlesmger (2) 


Heat-killed 

6 X 10->» 


tt 

Live, small 

15 X lO-io 

EUis and Delbrilck (3) 

Staphylococcus aureus 

Live, resting 

2 2 X 10->« 

Krueger* (1) 

tt 

Heat-kiUed 

2 2 X 10-'» 

' tt 


* The numbers m Table IX of Krueger’s paper are by a misprint too low by a factor 
of 100 


We give first a table of adsorption constants as determined by previous 
observers (Table I) 

It will be seen from Table I that the adsorption constants given do not 
differ ver}^ greatly This is plausible since all the phages used have been 
selected for their great "acti\nty/’ so that the adsorption rates are likely to 
be near the maximum rates attainable, and this maximum rate is determined 
by the diffusion constant and the size of the adsorbing organism, as will be 
shown later Krueger reports no difference betn een the rates of adsorption 
on hve and on heat-killed bactena, whereas Schlesmger finds a 2 5-fold 
greater rate for hve than for heat-kiUed bactena This difference may be 
due to the fact that Krueger’s measurements with live bactena vcre done 
at 10°, when thej were truly resting, whereas Schlesmger measured at 37°, 
where the bactena, though m their lag penod and not dividing, v-ere 
probably activel} growmg in size 

In Fig 1 we give some results obtained 'nith our nen strains, Bz and Pz, 
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of B coh and homologous phage ‘ They show that the free phage falls off 
exponentially m all cases and that the rate constants derived from the slope 

TIME IN MINUTES 



Fio 1 Adsorption of phtge by live bactena la or near the stationarygrowth phase, 

at 25*C 

The bactena were grown fai broth. At time tcro they were mixed with the phage. 
At the intervals given by the experimental points a sample was taken and at once diluted 
1 too in broth to prevent further adsorption. The diluted sample was then m some 
cases at once, in othere at the end of the experiment centnfuged for 4 minutes to throw 
down the bacteria with those phage that had been adsorbed. A sample from the super 
natant was then plated with bactena. The latent pcnod of phage growth at 25®C is 
considerably longer than 40 minutes 

The bacterial concentrations th^ cultural condibons, and the adsorpbon rate con 
stant derived from the experiment were as follows 



IBlaa."* 


1 Coltsnl 

• 

1 5 X ICn 

5 4 X 

Grown with aentloo op to a denrity of 10*/cc. 
Dilated 1 20 in broth 

X 

1 1 X UH 

1 23 X 10-** 

Grown for 30 hrs. without aetatlon, dilated 1 10 
in broth 30 min. before experiment 

o 

10 X 10* 

10 X 10-** 

Grown with seratfon op to a density of 10*/cc. 

A ' 

10 X 10* 

5 2 X lO-** 

Grown in broth wlthcrat aeration for 24 hn. DI 
hated 1 2 in broth 10 min. before experiment 


of the straight hues of the plot on a loganthmic scale arc again similar to 
thq?e obtamed previously on other organisms although there arc undoubt 

* For a description of these strains sec the following paper (/ Gau Phytid , liMO 

23, 643) 




time in minutes 


Fig 2 One step growth in broth at 37°C 

At tune zero phage are added to an actively growing aerated broth culture of bac- 
teria, which had been moculated 3 hours earlier At tune zero it contains about 10® 
B/cc After 5 minutes about 90 per cent of the phage are adsorbed The mixture is 
then diluted 1 10'* or 1 10® m order to reduce the rate of infection of bacteria by phage 
set free in the first rise It is seen that even at this very high dilution the plaque count 
increases slowly That this represents true growth is proven by the next two experi- 
ments 



Fig 3 Proof that true growth of phage occurs at the low bacterial concentrations of 
the one step experiments 

A one step experiment was carried out wnth a control, which contained the same con- 
centration of bactena, cultured under identical conditions and diluted simu]tancousl> 
with the mam culture But whereas the mam culture was mixed with phage 5 minutes 
leJoTC the dilution (1 10®), the control was mixed with phage after the dilution with such 
an amount as to make the phage concentration nearh equal to the concentration m the 
mam culture at the end of the step It is seen that the phage grov equally in both 
cultures That this growth proceeds bj the normal mechanism, mrolving, hov ever, an 
abnormallj high adsorption rate is pro\ en bj the next experiment 
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edly difietences between the vanoua batches of bacteria depending on their 
previous history Such vanations in rate arising from differences m the 
physiological state will lead to deviations from the simple exponential de- 
crease of the free phage m cases where the physiological state is changing 
during the course of the adsorption eipenment The failure of some of the 
earher observers to establish the simple adsorption mechanism which finds 
its expression m the straight hne dependence is probably due to this com- 
phcation 

We first obtamed an indication that the adsoipUon rates under optimum 
physiological conditions might be considerably larger than those measured 
under the usual conditions m experiments designed to obtam one step growth 
curves In these experiments a growth mixture was highly diluted before 
the occurrence of the first nse m order to prevent reinfection of new bacteria 
by the phage set free m the first nse It was found that a ICh or 10* fold 
dilution does not suppress further phage mcrease m the expected degree 
(Fig 2) That this mcrease represents real growth caused by the phage 
set free in the first nse, and was not due to delayed hberation of phage from 
bactena infected before the dilution, was shown by a control m which the 
phage was added afltr the dilution and to an amount approximating the 
concentration attamed previously by the first step This control showed 
the same mcrease (Fig 3) We then proceeded to mahe direct tests of the 
adsorption rate of the bactena under these optimal growth conditions, 
tabing points between 1 and 10 nimutes. The results are given m Fig i 
and summanied m the legend It will be seen that the rate constants are 
mdeed very much higher than m any previous experiments and are of the 
right magmtude to explam the secondary nse obtamed m the one step 
growth curves after longer mtervala 

This result may have some beanng on the activity method of assav 
mvented by Krueger and apphed by him and by Northrop m most of thdr 
work. In this method the tune required to lyse a standard batch of bac- 
tena is taken as a measure of phage concentration The time mterval m 
question is m part spent by the phage on diffusion preceding the adsorption 
It IS clear that any slight change m the physiological state of the test 
sample of the bactena themselves may greatly influence the adsorption rate 
and thereby the whole scale of the assay This is taken care of m Krueger’s 
method by always runmng a known sample parallel with the unknown m 
order to establish the scale of the day, but possibly the great day to day 
fluctuations m this scale are partly caused by this factor 
It should also be noted that by this method adsorbed phage will be as- 
sayed higher than free phage, because adsorption of phage is the first stage 
m the process of lysis Also the bactenum to which the phage is adsorbed 


636 


ADSORPnON OF BACTERIOPHAGE 


in the expenmental tube wiU differ physiologicaJly from those used m ti 
assay, and this will alter its growth characteristics and thus its assay vali 
by the acti\nty method = Adsorbed phage and free phage as measured I 



Fig 4 Adsorption of phage b3' live bactena under optjmum conditioDS at 37°C 
The bactena were grown in broth with aeration at 37°C They were well in th 
loganthmic growth phase Aeration was continued during the adsorption experiment 
Technique of determination of free phage as m preinous experiment The bactena 
concentrations and the adsorption rate constants demed from the experiments were a 
follows 



IB] cm -i 

i cm Vtnin 

o 

1 3 X 10« 

310 X 10-“' 

X 

7 7 X lO* 

210 X lO-i" 

A 

4 2 X 10=^ 

100 X lO-J' 


this method are not comparable Adsorbed phage may simulate m crease 
m phage where there is only a change m the scale of assay 

* This IS a pomt which also disturbs the rehabihO of the plaque count method 
Sometimes differing assai i-alues are obtained for free and for adsorbed phage, although 
the number of mfectii e imits has not changed, particularh when the adsorbing bactena 
are m a different phj-siological state from the platmg bactena Compare the discussion 
of the “initial nse“ in (3) Also the transfer of the infected bacterium from the expen- 
mental tube to the agar plate or to the actiwtj assa^ tube will be accompanied b> a 
change of rrtltej, sometimes favorable, sometimes injunous or c\cn fatal to the progress 
of phage production m the host Refinement of technique m this respect mil depend 
upon a closer stud\ of the conditions of phage growth 
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Residual Free Fliage 

If one follows the adsorption of phage over longer times one finds that the 
rate soon slows down and a few per cent or a fraction of a per cent will 
always be found unattached Quantitative studies of this free fraction at 
equihbnum have been published by Krueger m 1931 (1) and b> Schlesmger 
In 1932 (2), the first worUng with staphylococcus usmg the activity assay, 
the second workmg with B coh using the plaque count assay Their 
results, viewed together allow a more complete interpretation than is given 
by the authors 

The free fraction becomes of course very large when the phage are more 
than a hundred times m excess of the bactena. This is due to saturation 
of the bactena with phage and wiU not concern us here 
But also when the rate P/B is less than one, not all the phage will be 
adsorbed We discuss first the experiments with IieaUhlkd haclena 

(а) Kriuger^s RtsulU — In Ids experiments the rttio P/B vmno between 0 4 and 400 
'They are aQ done with the same concentration of bactena Beginning with small con 
centrations of phage it fcs found that the free phage Is very nearly a constant fraction of 
the total phage (about OJ per cent) It increases very slowly to about 0-B per cent 
when P/B - 40 and then ver> rapidly, on account of the Batuiation described before. 
Enieger interpreted these results In terms of a true equHibnum between adsorption ond 
dcsorpuon If this were the case the free fraction should be inversely proportional to 
the bacterial concentration No operiments are given to test this point, but one 
erpenment Is given as a test whether or not desorption occurred. An adsorption mixture 
was dfluted I 10 after “equilibrium” had been reached No dcsorpbon was found. 
Krueger believes that this is due to the extreme slowness of the desorption. It is Indeed 
true that proceeding on the assampUon of a true adsorption equilibrium the desorption 
rate would have to be more than a hundred times slower than the adsorption rate but 
rince also the amount of bound phage Is more than a hundred tunes higher than the 
free phage a few per cent of desorbed phage would Increase the free phage bv a few 
hundred per cent Indeed a simple calculation, using Kruegeris data shows that in his 
exp erim ent the free phage should have increased about eightfold His experiment 
therefore disproves the assumption of an adsorptiwi-desorption equilibrium 

(б) An InUrpreiaiion E<u Been Propped ond Proten by Scklesinger — He 

shows that the free fractioa arises from an inbomogencity among the phage particles 
themselves He distinguishes and actually isolates three groups of phage from a fresh 
lysate. The first and largest group exhibits a uniform and fast adsorption rate and Is 
irreversibly bound. The second fraction is dowly and reversibly bound, the third 
fraction is not bound at ail by beat-klDed bactena. 

The last fraction (and part of the second fraction) is that which is found at equi 
librium It is Independent of the bacteml concentration when the bactena are in 
excess (reference 2, page 140) and It can be isolated and shown to have little affinity to 
heat-kllled bactena (reference 2 page 144) 
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^ The experiments of Kraeger end of ScHesager on free phzge in equHb- 
rium Tniii heat-hilled bacteria, are tbererore compatible and can oe inter- 
preted mth Schlesinger s assnmptwns of an inbomogeneit” among the 
phage particles 

^ On the other hand the sitnation is not so dear Toth respect to the equihh- 
rinm betrreen phage and lire haderin 


TABLE n 

Tes" of Afiri'j of RteiAual PHgt Fred orr: 


n-.rz^ ‘iz.ir-ejt 

CAtx-B tAcz.B 1^CC.B 



24 hi= aerated bacter^ ~rt~e i^sea far adsorb jg tie phage. Tie free phage m tie 
Eopematant of oas tebe -^ere tested for tiej- afinit; to the bactena n tie cert tube 
25^C Tie ejperrreat sho'rrs that tee res aoal phage la aezhtzV el, differeit f'oni 
the mam brii- 

The diSailtj' of such measurements is of coarse the fact that the phage 
can grovr in the presence of Ii\nng bactena and that this mast either be 
prevented or taken into account in an unambiguous rray 

Scnlesu-ze- males oso o' the latent penod of gro ■nil Hclea or t^o paage n co^tc-ct 
vnth a bate.-! of naae-ia fo' o-J, lO nuautes, then rerao es trere oacteaa Oj. cc.-tr^-ga- 
tio”, aac tests tae rezea-Tg free paage for the r a£'it> toz'^c— beta- o' oact'-’.a He 
£rds Laat the arst eaten lea.es 2 percent free phage, tnescco'd oa‘ca lea c- 10 p- ' ce-t 
free. aaaH, tae sjctn batoi lea es 70 per cent free frcfererce 2, page 145y T- : p'o t: 
taat taere is a small fraction of pnage ma: 1 tile a£r t, e- to 1 • c Lartna V, e aa* e 

repeated these experaaeats *~itn suaHar recalls (SeeTaolell; 
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In Kmeger*! experiments with Uve bftcterift growth of phage was prevented by work 
mg at 10®C He finds that 2 hours after miring phage and bacteria equdibrium is 
attained The free phage h then proportional to the total initial phage (as he and 
Schlesmger found for heat killed bacteria), but he also finds that the free phage is m 
verscly proportional to the bacterial conccntiations (in contrast to Schleslngcr^s result 
with heat-ldlled bacteria when the free fraction was independent of the bacterial con 
centration) This would suggest a simple adsorption-desorption equilibnuni, a view 
which is further supported by one erpenment which indicates that desorption occurs at 

TABLE m 
Desorption Test 

0 1 cc. stock phage — 05 cc. 24^ aerated B 
(2 1 X ICF plaquta/cc.) 
wait 14 miru 



DOnU 1 lOO in snper 
natant of 24^ aerated B 
(2 1 X 10* plaqoo/cc.) 
wait 14 min 
Centrifuge 
assay supematant 
1^ X 10* plaques/cc. 
P/ ■■ 8 5 per cent 

Phage are left In contact with a thick culture of 24*^ aerated bacteria (2.5 X 10*/cc.) 
imm adsorption has become alow (14 minutes) A sample Is then used for free phage 
assay, another is dUated 1 100 In the same medium, namely 24^ aerated culture from 
which the bacteria have been removed by centrifugation Free phage Is agam deter 
mined after 14 mmutes. No desorption is founth 

the required rate. We have found no trace of desorption (See experiment Table 

m) 

Although Krueger’s experiments are quite consistent in themselves and 
could not easily be explained otherwise, we hesitate to accept the Interpre 
tation of their author because it requires us to accept that phage can be 
desorbed from live resting but not measurably from heat killed bactena, 
although the adsorption rates ore found to be equal m both cases 

Theory of Adzorplion Rales 

Schleaingcr (reference 2, page 155) has given an interesting theoretical 
discussion of the adsorption rate by adapting the theory of coagulation of 


Centrifuge 
Muy vupem&tAnt 
I 7 X 10* plaque»/cc. 
P/ •• 8 per cent 





640 


ADSORPTION OP BACTERIOPHAGE 


von Smoluchowski (4) to this case We will give a simphfied presentation 
of the theory and compare it with some of the experimental results 

Let us calculate the average density distnbution around a resting adsorbing sphere 
of radius a (bactenum) suspended m a medium that contains initially a uniform density 
of particles which may stick to the sphere when they encounter it The average density 
near the sphere will decrease because the particles are constantly withdrawn by adsorp- 
tion and soon a stationary density gradient will be set up The density c as a function of 
r, the distance from the center of the sphere, is then 

c(t) “ c„,(l — a'/r) 

where c„ is the average density at a great distance from the sphere, and o' is a constant 
which depends on the probabihty of adsorption once a particle comes close enough to the 
surface of the sphere for direct mteraction If every approach to the surface leads to 
adsorption the density near the surface must drop to zero and we must therefore have 
o' ■= o If not every approach is successful, the density near the surface vail be positive 
and a' < a This stationary density distribution is quite mdependent of the diffusion 
constant It causes, however, a constant flow F towards the surface w’hich is propor- 
tional to the density gradient and to the diffusion constant D 

dc 

F = D 4ir* — c- itrDa' 
dr 

This flow towards the spheres (bactena) represents the loss of free particles by adsorp- 
tion The adsorption rate constant accordmg to this model is therefore 

k = 4ir7?a' 

where o' is smaller or equal to the radius a of the adsorbing particle Since the theory 
gives only an upper limit for o', it gives also only an upper limit of the adsorption rate, 
which will be attained when every colhsion with any part of the bacterial surface leads 
to adsorption 

kmmr-. 

Let us evaluate this upper limit for the staphylococcus phage studied by 
Northrop and Krueger The diffusion constant was determined by 
Northrop (5) He found values between 15 X 10“^ and 0 75 X 10“^ 
cm V Him The higher value was found at small concentrations of phage, 
corresponding to those in adsorption experiments The radius of the coccus 
we can take to be 5 X lO'® cm With these values we obtain as the upper 
limit of the rate constant = IS X 10“^'’ 

This IS about eight times greater than the value determined by Krueger 
(see Table I) The lower value of the diffusion constant would make the 
obsen^ed k greater than the aUowed by the theory and can therefore 
be ruled out on the basis of this theory 

Our own much higher rate constants for B colt under optimum conditions 
can be asenbed to two contnbutmg factors First the considerably larger 
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surface of the bacteria (perhaps ten tones the rmnnnum value) Second, 
the model underlying the theory is not qmte adequate. The B colt will 
not be stationary under the conditions mentioned but -will be activdy mov 
mg and moreover their range of action is extended through their flagellae 
Both the mobihty as such and the movement of the flagellae as such will 
cause the solution near the bacteria! surface to arculate rapidly The 
average density near the surface will be raised by this circulation to nearly 
the average density m more distant parts, and the adsorption rate will 
thus be mcreased 

Krueger (1) has recorded experiments, m which he vaned the viscosity 
of the suspension by the addition of glycerol This should, according to 
Einstem’s formula, alter the diffusion constant and according to the above 
theory cause a proportionate change m the adsorption rate This conclu 
non IS qmte mdependent of the type of reaction that takes place at the 
bacterial surface itself Krueger’s experiments do not show this expected 
dependence of the adsorption rate on the viscosity This seems qmte 
mesphcable 


MSCtJBSION 

The study of the adsorpbon of phage onto its sensitive host is a study of 
the diffusion of phage through the medium and of its specific attachment to 
a host. This attachment has many analogies to the antigen antibody 
reaction (Burnet) The whole process of adsorption is a necessary fore 
runner of the multiphcation of phage under ordinary conditions In itself 
It has nothmg to do with the growth process, but m non lysogemc strains 
it IS mtercalated between the true growth reactions and necessitates a care- 
ful separate study of the adsorption before one can draw relevant inferences 
from growth experiments The adsorpbon mterferes m two ways First 
m the experimental vessel Here the fact, that the adsorpbon proceeds 
conbnuouriy, has the effect of smoothmg out the steps that arise from the 
sudden hberabon of new phage from infected bactena. A judiaous ad 
justment of the bacterial concentrabons, so as to make adsorpbon either 
"infinitely fast” or "infirately slow” m comparison to the latent growth m 
the bactena, is therefore necessary to bring out the steps descnbed by 
dUerelle, by Elhs and DelbrUck (3), and m the following paper by Del 
brilck (6) 

Second, it mterferes m the assay of phage, whether the plaque count or 
the acbvity method is used The effect on the plaque count is small, and 
this can probably be understood by the foUowmg argumenb In order that 
a phage parbde may form a plaque it must infect a hvmg bactenum b^ore 
the bacterial layer has grown so thick, that growth conditions f 
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become unfavorable In general there mil be ample tune for the majonty 
of phage to fulfill this condition even if the bacteria are of the poorly ad- 
sorbmg variety Adsorption rate is therefore not a hmiting factor for the 
eflSaenc}’’ of platmg This is borne out by the observation, that the efl&- 
aenc}^ of platmg is only slightly changed if rapidly gromng bactena are 
used for platmg mstead of the standard 24 hour aerated cultures 
The converse is true for the activity method Here the tune spent by 
the phage parbcles on adsorption is an mtegral part of the quantity meas- 
ured, namely the tune between the addition of phage and tysis, and any 
factor that changes the adsorption rate (or elumnates it, as m the assay of 
adsorbed phage) will shift the scale of the assay As we have shorni, the 
adsorption rate does m fact change with the physiological state of the 
bactena, and it is different for different fractions of the phage In fact, 
if Schlesmger’s discoverj^ holds true also for staphylococcus phage, it would 
appear that the activity method was ill-suited for the quantitative de- 
termmation of the residual free phage, smce the experiment selects those 
particles whose assay value is least comparable with those of the mam bulk 

SUMMARY 

1 The adsorption rate constant of phage to bacterium is found to change 
between wide limits, dependmg on the physiological state of the bacterium 

2 The expenments of Krueger and of Schlesmger on the residual free 
phage m contact with an excess of bactena are discussed and the view of 
Schlesmger, that they represent phage particles with reduced affinity to 
the bactenal host is supported by experiments 

3 The theory of von Smoluchowski and Schlesmger is compared with 
the experiments 

4 The imphcations of these findmgs for the assay methods currently 
used are discussed 

The author wishes to express his appreaation for the hospitality extended 
to him by the Biolog}’- Department of the Cahfomia Institute of Technology 
dunng the tenure of a Fellowship of The Rockefeller Foundation In 
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stant help and adxnce and to Mr F Gardner for technical assistance 
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THE GROWTH OF BACTERIOPHAGE AND LYSIS OF THE HOST 
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cf Technology, Pasadena) 

(Received for publication, January 29, 1940) 

Inlrodiiction and Statemenl of Motn Rasuh 

Bactenopbage grows in the presence of living susceptible bactena. In 
many but not all cases the growth of phage leads finally to a lysis of the 
bactenal cells, a phenomenon which m dense cultures manifests itself to 
the naked eye as a clearmg of the bactenal culture The exact nature of 
the connection between the growth of the phage and the dissolubon of the 
cells has been a subject of controversy smce the original discovenes of 
d’HereUe in 1917 

D’HereUe beheved that lysis is the process by which the phage, which 
has grown withm the bactenum, is liberated from the cell and dispersed m 
solubon Many later authors, notably Burnet, have concurred with him 
on this point Last year Ellis and Delbrtlck (1) published detailed evi 
dence that phage liberabon m B coU occurs m sudden bursts and showed 
that all the evidence was compabble with the assumpbon that in senaibve 
strains the bursts of phage liberabon occurred only if and when a cell is 
lysed 

Northrop and Krueger (3-5) on the other hand have developed ideas 
along a somewhat different hne m the course of their extensive research 
with a strain of Slapkytccacais aureus and a bacteriophage acbve against 
it Bordet (2) had put forward the concepbon that phage producbon 
followed by lysis is a more or leas normal physiological funcbon of the 
bactena In lysogemc strains where visible lysis never occurs it can be 
put mto close analogy with the producbon of an extra-cellular enxyme 
Northrop’a and Krueger’s work served to suhstanbate this view also m 
their case where the phage growth leads finally to the dissolubon of the 
bactena In their view lysis of the bactena is a secondary and madental 
acbvity of the phage 

Krueger and Northrop (3) found first that clearmg, if it occurs at all, 
begins when a certain threshold value m the ratio total phage/bactena is 

* Fellow of The Rockefdler Foundabom 
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overstepped A considerable loss m total phage parallels the clearing of t 
culture If snffiaent phage is added so that the ratio phage/bactena 
greater than the threshold value lysis begms almost at once This expe 
ment was later repeated and confirmed by Northrop (4, 5) with purifi 
concentrates of phage 

Recently Northrop (5) found with a susceptible mega then nm stram ai 
homologous phage that the bulk of the phage was hberated before the ci 
ture began to clear He found further with a lysogemc strain whicli nev 
showed clearmg but produced phage lysmg the sensitive stram, that t 
yield in phage from this lysogemc stram was large compared to the numb 
of bactena present m the culture 

All these results mdicate that m these strams lysis, if it occurs at all, 
brought about by a mass attack of the phage on the bactena after the pha, 
have grown and been hberated into solution 
We have now studied m more detail the relation between phage growi 
and lysis m a new sensitive stram of B colt and homologous phage and ha^ 
obtamed results which may offer a basis for reconcihng the two divergu 
Imes of mterpretation 

We have found m this stram two entirely different types of lysis, whic 
we designate as "Lysis from withm” and "Lysis from without " 

Lysts from without is brought about almost instantly by adsorption ( 
phage at a threshold limit, which is equal to the adsorption capaaty of thi 
bacterium No phage are hberated m this case, on the contrary, the ac 
sorbed phage are lost The phage attack the cell wall m such a way as t 
permit swellmg of the cell, and its deformation into a sphencal body 
Lysts from withm is brought about by adsorption of one (or few) phag 
particle(s) Under favorable conditions this one phage particle multiphe 
dunng a latent penod withm the bactenum up to a threshold value (whic 
is equal to the adsorption capacity) \^Tien the threshold value is reached 
and not before, the phage is hberated by a sudden destruction of the proto 
plasmic membrane, which permits a rapid exudation of the cell content 
without deformation of the cell wall 
It would seem that the results of other observers may be explained bj 

postulatmg that 

(a) In the case of Staphylococcus aureus the obsen^able cleanng is causec 
by lysis from without Lysis from within either does not exist here and n 
replaced by contmuous phage secretion, or it exists but leads only to a slow 
equahzation of the refractive mdices of the ceU mtenor and the milieu 
The decrease of total phage dunng lysis is caused by the adsorption of 
phage m the process of lysis from without 
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(6) In the case of B megatheniim 36, sensitive, (Northrop (S)) the same 
relations hold 

(c) In the case of B mtgalhenum 899, lysogenic, (Northrop (S)), lysis 
from without does not occur, although the bactena can adsorb a few phage 
particles each Both the phage production capaaty and the phage ad 
sorption capaaty are far smaller than the corresponding value for the same 
phage acting on the sensitive stram 

The equation 

Adsorption capacity « lOiaimnTn >'ield of pba^ per bacterium 

was found to hold true both for bactena m the phase of rapid growth, and 
for saturated bactena! cultures that had been aerated for 24 hours and 
consiated only of very small bactena. 

This equahty pomts to a matenal connection between the bactenal con- 
sUtuents which can adsorb the phage and the new phage formed when it 
grows These bacterial constituents we shall call b It might be assumed 
that b, which the bactenum constantly produces without the help of phage 
(and m some cases also secretes), is part of the precursor which under 
favorable conditions is transformed mto phage after combination of the 
bactenum with a phage particle from without The complex bP might be 
the catalyst which t» the cttt transforms uncombmed b mto phage The 
difference between a sensitive strain and a lysogemc stram would consist 
m this m the sensitive strain the reaction 


, cataly«d by JP , „ , „ 

( ^ phage Gji the cdl) 


would be faster than the production of b (in the cell) In the lysogemc 
stram b would be produced faster than it is converted mto phage This 
penmtfl the bactenum and the phage to grow 
The extremely mteresting but puzzling observations of Burnet and McKie 
(6) on lysogenesis of different variants of one stram of B cnlandxUs Gaertner, 
and of Bumet and Lush (7) on mduction of resistance and lysogenesis by 
the phage m a stram of Staphylococcus albus may perhaps allow further 
analysis m the light of these speculations 


EXPERIMENTAL 

The tlramt of B coh and oj htmaiototis phage used m this rrork were obtained from 
the Pasadena Jonior College, through the courtesy of Mr F Gardner They have 
not been studied before and will be designated as Bi and P* m distinction to the strains 
Bi and Pi used last year by Flit* and DelbiUck (1) 

GiwHh curves ef Bt ^n Dijca nuirtcnl broth ai J7® (by colony counts) are shown In 
Fig 1 The maTimum. division rate is considerably smaller tb«n that of Bi 
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Fig 1 Growth of bactena in broth at 37® 

The mocukting bactena were taken from an 18 hour not aerated broth culture 
Without aeration the growth reaches saturation at 10® B/cc With aeration the growth 
proceeds further beyond 10® B/cc The maxunum growth rate is in both cases equal 
and corresponds to an average division time of 30 minutes The cessation of growth 
m the unaerated culture is therefore caused by lack of air This is further supported 
by the top curve, which shows how the imaerated 18 hour culture, without the addition 
of fresh broth, proceeds to grow, when aerated, and reaches about 2 X 10® B/cc 
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Fig 2 Growth of the standard experimental culture of bactena m broth at 37° 

At time zero 0 1 cc. of a 24 hour stock culture was added to 25 cc broth Every 
7 5 mmutes platmgs were made for colony counts The plotted values show complete 
agreement with Hershej's (11) findmg that such aerated bacteria exhibit a sudden 
transition from the phase of cell enlargement (lag pcnod) to the phase of cell division 
The lag penod is 2 hours, if defined as the time requmcd for mcrease in cell number by a 
factor 1 5 (compare Hershey’s discussion (11)) 
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Synthetic Uedium —The bactenfc and phage mt also grovm -with aeration m a 
synthetic medium, consisting of 


1 Asparagme 

2 gm. 

Glucose 

4gm. 

NaiHFO* (anhydrous) 

6gm. 

KHjPOi 

3 gm 

MgSOi 

0 05 gm 

Naa 

0 05 gm. 

Distilled HtO 

1000 cc. 


The bacteria in this medium grow more alovrly than in broth but attain a higher final 
concentration The phage also grow well on bacteria In this medium and cause lysis. 
But the growth rates of both the bacteria and the phage art only approximately re- 
producible with different batches of medium. These irregularities must be eliminated 
before the medium can be used for quantitative studies. 

Bacteria transferred from this medium into broth grow at once- Transferred from 
broth to this medium they require a period o£ about 24 hours of adaptation before 
growth begins 

The bacteria were therefore carried on slants of synthetic medium agar and trans- 
ferred into broth only for the specific experiments 

phage was obtained by lysb In broth and filtration through Jens smtered 
^ass filters No measurable decrease in titer m periods over 6 months (m contrast to 
Pi, compare (1)) 

Phage assay by plaque count on Dlfco nutrient agar plates as described previously 
(1) 'Ihe plaques arc Urge (2 mm, (Bameter) and are countable after 4 hours Incuba 
tion at 37® 

Turbidity was determined by visual comparison with turbidity standards, in most 
cases taken from the same culture Such turbidity detcnnmations are of course very 
rough but a refinement of technique In this respect did not seem profitable The 
turbidity m any event would not be proportional to the lysis, which in dense cultures, 
as we have seen, is a complex phenomenon, in which changes m shape size, and re- 
fractive mdex occur Each of these factors contnbutes to the turbidity change. 

Preparattm of Phage Cancenirates — For the experiments with large excess of 
phage over bacteria stock phage of very high titer were needed These were obtained 
In the following way 

It was observed that lysates obtained from synthetic medium cultures (in contrast to 
broth lysates) lost all their phage on filtration through Jena sintered glass filters. The 
phage is not inactivated by the filter but simply adsorbed, and It can be eluted with good 
yields by imail volumes of distilled water An example is given in Table I 

These concentrates could be further concentrated by adding phosphate buffer to 
restore the ongmal salt concentration and repeating the adsorption-elution procedure. 

Filters of the coarser grade 4 were also tried and though effective gave less reliable 
yidds 

Ground glass, silica, and fullers* earth were tried as adsorbents These also gave 
good adsorption but the elution was again often unsatisfactory 

The phosphate buffer was replaced by 1 per cent MgClj solution and by a 1 per cent 
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NaQ solution Both were as effective as phosphates m causing the phage to be ad- 
sorbed b}’’ the filter 

Finall} -v-anous concentrations of phosphate buffer were tncd m order to detcr- 
mme the lower limit at which adsorption would tale place It was found that reducUon 
of the buffer concentration to one half pracbcall} eliminated the adsorption 

By this method several concentrates were ohtamed with titers between 10“/cc 
and lO^Vcc. ffhese concentrates were dear in transmitted hgbt and showed intense 
blue TjTidall scattenng "ttlien kept m the ice box thej’^ showed no measurable decrease 
of titer over penods of more than 5 months 

Siandard Cultural Conditions — The cultural conditions of the bactena were stand- 
ardized m the foUowmg wa} A stock culture was kept gomg for about a week bv 
dailv transfers mto fresh svnthetic medium At the time the transfer was made, the 
culture contamed about 2 5 X 10® bactena/cc. These 24 hour aerated bactena were 
used for phage assay The 3 '- will be referred to as the stock culture 


TABLE I 

Adsorption and Elution of Phage from Jena Sintered Glass Filters 



Assay 

Total phsge 

25 cc. fresh Ij’sate 

inter b-sate through Jena sintered glass filter grade 5 

1 4 X lO'" 

35 X 10'“ 

on 3, filtrate 

0 001 X 10'“ 

0 025 X lO'o 

Follow with 2 cc. distiDed water 

i 6 4 X lO'" 

1 12 8 X lO'" 

Follow with 5 cc. distilled water 

0 19 X Id" 

0 95 X ICH" 


At the time of the transfer of the stock culture a sample of 0 1 cc. was also transferred 
mto 25 cc. broth and aerated at 37° This culture was used for growing the phage, 
and will be referred to as the experimental culture 

Fig 2 shows the growth of this experimental culture as determmed bj' colony counts 
m 7 5 mmute intervals It is seen that the bactena do not start to divide in the first 
90 minutes and divnde at maximum rate after 3 hours It can therefore be used to 
study phage growth either on bactena that are small and hav'e a long period of growth 
m size without divisions ahead of them, or on bactena that hav e attained their maximiim 
a\ erage size and divide at a maximum rate 

Microscopic Observations 

We have made some microscopic studies of the lysis of our bactena under 
vanous conditions, both in banging drop preparations and on nutnent agar 
plates The hangmg drop preparations have the advantage that one can 
studv changes m mobiht^' of the bactena and also that the bactena arc 
subjected to more uniform conditions, while on the agar plate one can 
follow the history^ of mdmdual bactena over a stretch of time These 
observ^ations were made at room temperature, the time schedule is therefore 
retarded m comparison with the growth curves at 37 C 

Great differences m behavior were found dependmg on whether the bac- 
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term were infected with about an equal number of phage or with a large 
excess of phage (200 to 1 or still higher ratios) and these will be described 
separately 

1 P/B - 1 

(o) Hanging Drop 

No changes m the shape of the bacterm were observed, only a gradual 
diminution in the number of bacterm 

(6) On Nutnent Agar Plates 

The bacterm were first mixed with phage in broth and aerated at 37° 
for 10 minutes, as m an ordmary growth curve set up At 10 mmutes a 
0 1 cc sample was spread on an agar plate and observed under the micro- 
scope (magnification 600) A map was drawn of about 100 bacteria m the 
field of vision and these were checked every 5 mmutes for changes Up to 
about 30 mmutes (now at room temperature, 25°) only a few bacterm dis 
appeared, the others showed no change Between 30 and 70 mmutes 70 
per cent of the bactena disappeared They disappeared by a process of 
kding out, mthout noticeable change in shape The fading out takes about 

2 mmutes, a famt outhne of the rod rcmammg visible for a long time after 
wards There appeared to be no correlahon between the size of the bac 
tenum and the inception of its fadmg Many bactena which at the be 
g innin g had a constncbon as if they were on the pomt of dividmg behaved 
as one bacterium on lysis Sometnnes the fadmg appeared to start at one 
end of the rod and then to proceed gradually through its entire length 

Discussion — The bacterm are visible without stammg under the micro- 
scope by virtue of a difference m the refractive mdex between them mtenor 
and the surrounding medium The fading out without change of shape 
means then that the refractive mdex of its contents becomes equal to that 
of its milieu, while the ceil wall retains its form Inside and outside must 
suddenly become capable of free exchange This must be due to a sudden 
disnipbon of the protoplasimc membrane A change m permeabihty could 
hardly be so drastic as to permit complete equalization m so short a tune 
2 P/B — 200 or greater 

(a) Hanging Drop 

The bacterm kept theu normal size and rod shape up to about 20 mmutes 
Then suddenly withm 1 or 2 mmutes the large majority was transformed 
mto sphencal bodies of about the same volume and small refractive power 
These sphencal bodies were viable for a long time and only gradually dc 
creased in number, some could be seen much distended and of oval shape 

Besides these sphencal bodies there appeared a few very mlmlte rods that 
were extremely motile 
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Also some of the spherical bodies showed great motihty 
(b) On Nidnent Agar Plates 

The bactena were mixed with a 200-fold excess of phage m broth for 5 
mmutes to permit time for adsorption Then a 0 1 cc sample was plated 
and observation began at 10 minutes No changes in size or shape were 
obsen’^able up to 18 minutes Then first few and soon many of the bactena 
exhibited a vanety of changes m form with paraUel slow fading out In 
most cases the rod simply swelled to an oval or sphencal shape Sometimes 
the swelhng began at one end givmg the impression of a rod attached to a 
httle sphere, gradually the rod shortened and the sphere grew until only the 
sphere was left, which later assumed an irregular shape and finally faded out 
Often the swelhng began m the middle at the constnction of a dividmg cell 


TABLE n 



No of bactena lysed by 

FIB 

Fading 

Swelhng 

1 3 

83 

0 

1 

66 

0 

1 

59 

0 

25 

43 

9 

150 

3 

15 

250 

0 

12 

300 

1 

43 


and then extended to both ends until only one sphere was visible The 
whole process from the inception of swelhng to the attainment of a sphencal 
shape took between 2 and 10 minutes The spheres then fade out very 
slowly 

Also a few mmute rods are seen on the agar plate They are never 
lysed Their genesis has not been observed 

Discussion — It is clear from the above descnption that lysis under the 
mfluence of many external phage particles is an entirely different phe- 
nomenon from lysis under mfluence of one external phage particle which 
has gronm withm the bactenum to a large number We must distinguish 
between lysis from withm and l>sis from without In the latter case ap- 
parently the phage en masse attack the cell wall and so alter its elastic 
properties as to permit swelhng of the cell and the uptake of w ater Possi- 
bly the cell wall is actually dissohed and only the protoplasm remains and 
swells up free!}' 
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3 P/B between 1 and 200 

For these intermediate cases observations on agar plates showed not an 
mtermediate type of lysis but a gradual shift of the fractions of bactena 
that are lysed by fading or by swelling respectively Table II illustrates 
this pomt. 

There is no ambigmty regardmg the type of lysis a particular bactenum 
hns undergone, except m care cases when the fading has proceeded too far 
by the tune of the next inspection, so that the form cannot be ascertamed 
any more 

Bronfenbrcnncr, Muckentuis, and HctUr m 1927 (12) and Baync-Jones and Sand 
holier in 1933 (13) have publiahed very intereating photomicrographic moving picturea 
of lyaing bacteria. They describe essentially the same morphological types of lysis 
which we find. In tbelr expenments, however, the conditions of infection were not 
lystematlcallj varied and the ratio phagc/bactena was m no case determined The 
significance of variations in the Ijmc process was therefore not recognised. 

One Step Growth Curves 

Phage growth curves with these strains of phage and bactena show the 
same general features as those desenbed by Elhs and Delbrflct (1) for the 
Btrams Bi and Pi If phage is added at time zero to an excess of bactena 
the plaque count stays constant for 17 imnutes, then rises, at first sharply 
and then more gently (on the loganthmic pbtl) until about 30 mmutes 
At that tone the first step is nearly completed If the growth mixture has 
not been diluted before the beginrung of this first rise another sharp rise 
begins at about 34 imnutes (Fig 3) If remfeebon has been prevented by 
eartieme dilution there is very httle further mciease in plaque count (see 
Fig 2 of the preceding paper) 

It was deaded to study m more detail this first step The condibon of 
extreme dhubon under which the one step growth curve has to be measured 
fadhtates an accurate analysis, because the samples which have to be 
plated at definite intervals need only be mixed with bactena and plated, 
without further dilubon The time to which the assay is to be referred can 
then be defined within a fracbon of a min ute. 

Fig 4 shows the values obtamed from three such growth curves It 
should be noted that smee the plaque count is plotted directly (instead of 
loganthmically as m most plots of this kmd) the sampUng error (which is 
proporbonal to the measured value) is more conspicuous near the upper 
end of the growth curve. The actual percentage deviabons are eipen 
mentally larger near the beginning of the rise, because here the plaque 
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count increases by a factor of twent}'" in 3 minutes and vety sbgbt inac- 
curacies m tumng will entail huge percentage deviations m the plaque count 
Dunng the process of plating a bactenum may hberate the phage which it 
contains and thus add the full number of a “burst” to the normal sample 
value This will place the point too high, it was probably the case m tlie 
17 minute pomt of the first growth curve 



Fig 3 Phage groi;\th on rapidly dividing bacteria 

At time zero phage were added to the oiperimental culture of bacteria in its optimal 
growth phase (3 hours after inoculation) and well below its maximum concentration 
of bacteria (5 X 10^ agamst 2 5 X 10®) The initial phage concentration was 2 X 10\ 
so that even after the first step the bacteria were still much in excess and no multiple 
infection occurred After the second step the phage were in excess The course of 
events rcsultmg from this situation will be discussed separately 
Dates of experiments • 9-13, O 9-15, X 9-22 

Fig 4 brmgs out very clearly one pomt which was not recognizable m the 
logarithmic plots Phage hberation starts suddenly after the latent period 
of 17 minutes and continues ai a constant rate for about 16 imnutes, at which 
point it ceases almost equally abruptly In this interval from 17 to 33 
minutes the plaque count increases by a factor 170 
These charactenstics of phage growth, namely the latent period, the 
spread of the latent penod, and the step size depend on the physiological 
state of the bacteria For example, if, instead of using the above defined 
experimental culture after 3 hours when the bactena are large and divide 
rapidlj we had taken the bactena from the stock culture directly, the one 
step phage growth curve under the same conditions (in broth at 37°C) 
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plot 

At time tero about 10’ phage/cc. were added to 25 cc. of a rapidly growing broth 
culture of bacteria that had been aerated for 3 hours and contained about 5 X 10’ 
bactena/cc. After 5 minutes 10* , 10* and 10* fold dilutions of this growth mature 
were made m broth of 37^ and these were farther aerated and mcubated At 1 or 2 
minute mtervals samples from these mixtures were plated for plaque ccaints 

It IS seen that the jdaque count stays constant for 17 minutes, then Increases hneariy 
with t^mp. tiD 33 minutes whai It reaches 170 times the ongioal value. After 33 minutes 
it stays nearly constant. Phage Ubcnition takes place uniformly during 16 minutes 
It should be noted that on a logarithmic plot the rise would appear to be much more 
sudden- In fact on such a plot more than half of the step would be accomplished within 
3 minutes, when the plaque count has risen to twenty times the onginal value. 


TABtE m 

Ckitractcrisi^a oj Phage GrowOi on Rapidly Ihriding Bactma and on 24 Bow Aeraied 
Baderia, Both Ifeofwed in Broth at 37^C vilh Aeralxon 



1 Mlaliainn 
Uuot ptrled 

1 Spread ol 
|U test period 

EUp rire 

SAturttko 

vritM 






BapUly dividing bacteria 

17 

16 

170 

250 

24 hn. amted hnctena 

30 

22 

20 

20 


would have been qualitatively the same but quantitatively quite different 
(see Fig 5) Table HI lists the respective values 
The constant rate of phage hbcration in the best one step growth curves 
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Fig 5 One step phage growth on 24 hour aerated bacteria Direct plot 
At time zero 2 X 10® phage/cc were added to 1 cc of a 24 hour stock culture of 
bacteria, containmg 2 X 10® bacteria/cc After 5 minutes free phage were determined 
and suitable high dilutions in broth were further incubated at 37" with aeration At 
mtervals samples from these nuxtures were plated for plaque count 

It IS seen that the plaque count stays constant for 30 mmutes, then increases linearly 
inth time till about 50 mmutes when it reaches twenty times the ongmal value After 
50 mmutes it stays nearly constant Phage liberation takes place uniformly dunng 
20 mmutes 



Fig 6 Addition of a great excess of phage to a groinng culture of bacteria, at 37° 
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(Fig 4) permits a doser analysis Smce the liberation of phage from the 
tndmdual bactenum probably ocxtiis qmte suddenly when the bacterium is 
lysed our result means that the infected bacteria represent a mixture of 
groups with latent pcnods rangmg between 17 and 33 minutes and that 
there is a uniform distribubon of bacteria over this whole range of latent 
periods. 

The question arises as to what causes a bactenum to have a shorter or 
longer latent period Several hypotheses might be suggested, either by 
ascnbing the cause to statistical fluctuabons of reactions mvolvmg a small 
number of particles (10), or by connecting it m one way or another with the 
bacterial cyde The latter view seems to the author the more likdy one 
but smce it has not yet been worked out, further discussion will be deferred 

MtiUtpk Infection 

It was reported by Elhs and Delbrflck (1) that if a bactenal suspension is 
infected with an excess of phage no changes occur m the latent penod or m 
the burst size At that time no phage concentrates were available and the 
maximum ratio of phage to bacteria attamed m that work was only four 
to one 

We have repeated this work with our new strains and with the concen 
trates and have been able to work with much higher ratios of phage/bao 
tena, up to 700 to 1 

Fig 6 shows some of the results obtamed with the high ratios Samples 
were assayed every 3 or 5 mmutes Smce the assays here require several 
dilution steps these growth curves are less accurate both with respect to 
assay values and with respect to timing 
The results show an miUal decrease m plaque count because many phage 
partides are bound to one bactenum which then gives only one plaque 
For instance, startmg with 10*’ phage/cc. and a hundred times less bactena, 
one finds Imtlally 10** plaques/cc. Alter 10 mmutes only S per cent of the 
phage win be left free, these will give 5 X 10* plaques/cc In addition the 
10* bactena/cc,, each havmg adsorbed on the average 95 phage particles, 
will give 10* plaques/cc., bnnging the total plaques to 6 X lO'/cc. If the 
imtial ratio phage/bactena is greater than a certam cntical value the bac- 
teria show saturation This saturation value depends on the physiological 
state of the bactena For instance, for rapidlv growmg bactena, if the 
ratio is 500, the plaque count decreases only by a factor two The satura- 
tion value is therefore 250 On the other hand, for 24 hour aerated bac 
tena, the saturation value is only about 20 (See Table HI, last column ) 
We have indicated m the figure the tune durmg which clearing of the mix- 
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ture occurs If the initial ratio of phage/bactena is smaller than the satu- 
ration value, cleanng occurs only slightly earlier than in a one to one mixture, 
and it IS accompanied by a noticeable increase in the plaque count 

On the other hand if the initial ratio of phage/bactena is greater than the 
saturation value, clearing occurs much earlier and is not accompanied by 
an increase in plaque count 

In both cases the final plaque count is considerably smaller than the in- 
itial one, v/e have, in effect, a phage destruction by the adsorption that 
causes lysis 

One can see the difference between the two types of lysis with the naked 
eye A culture of rod shaped bactena, like B coli, shov/s flow lines on 
shaking due to the onentation of the rods under the influence of the shearing 
forces of unequal flov/ In lyses under the influence of great excess of phage 
these flov/ lines disappear before the culture clears up, because the rods are 
transformed into sphcncal bodies before they disappear, as desenbed in the 
section on microscopic observations 

Growth oj Phage and Lysis oj Bacteria When Equivalent Numbers Are Mixed 

It can he predicted that a disturbance must anse when equivalent 
amounts of phage and bactena are mixed, due to the fact that the phage 
that are liberated from the first lysing bactena will cause an excess of phage 
over bacteria to be present These phage v/ill be adsorbed on bactena that 
are already infected and v/ill therefore not shov/ up in a plaque count assay 
They will moreover interfere v/ith the phage grov/th in these bacteria and 
in some of them cause a lysis from without 

Qualitatively the following can be predicted We have seen that the 
phage will be liberated at a constant rate (after the lapse of the minimum 
latent period of 17 minutes) They will be adsorbed at a rate that is pro- 
portional to the phage concentration and to the bacterial concentration 
The phage concentration is constantly increasing and the bactenal con- 
centration IS constantly decreasing (due to lysis) The adsorption rate 
v.ill therefore pass through a maximum and the net free phage production 
rate v/iIl pass through a minimum The net result is the appearance of a 
point of inflection, le a secondary step in the phage grov/th curve, in some 
cases even a temporary decrease in the free phage if the rate of adsorption 
at any time exceeds the rate of phage liberation Because of the loss of 
phage by adsorption and partial lysis from without the total step size must 
be smaller than in a one step growth curve w'herc the bacteria are in excess 
and where multiple adsorption is prevented by extreme dilution, after ad- 
sorption of the parent phage 
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These predictiona are borne out by the cipenmcntal results Fig 7 
shows three such growth curves where nearly equivalent amounts of phage 
and bactena were mixed at tune zero The diminished yield is very 
pronounced and the secondary step is discernible in two sets of observational 
points The condition of single infection of all bactena at zero tune can of 
course be realized only approximately Even if exactly equivalent amounts 



Fio 7 Growth of phtgt if equivtlmt high concentrations (•^lOVcc.) of phage and 
bacteria are mixed at time zero Direct pbL 

Besides the espenmental points from three growth curves three theoretical curves 
are drawn In the figure. These are 

1 A one step growth curve with B in excess taken from Fig 4 
%, A calculated growth curve, acuming macUvatiDn of the liberated phage on 
bactena not yet lysed. 

3 Same, but assuming that the adsorbing power of the bacterial coustituenta respon 
tible for It is unimp^red till the completion of phage hberaticm and then vanishes 
abruptly 

The tune Interval from the beginning of clcarmg to its completicai is mdicated It 
falls wdl on the ascending part of the one step growth curve. In the one-to-one growth 
anrvcs this ascending part is soon counter-balanced by the multiple adsorption loss, 
so that clearing seems to occur during a phase of little phage liberation. 

were mixed, the phage would not infect all the bactena, but distnbute 
themselves according to the probabflity formulas denved by Poisson If 
P/B - n there will be a fraction of the bactena uninfected On the 
other hand our phage assays, though fully rehable as far as relative values 
go, are not as certam with respect to absolute value, because of the difficulty 
of obtaining an accurate detennmation of the effiaency of platmg (jrf 
EUis and DelbrUck (1)) 

It IS not possible to make a complete quantitative prediction of the growth curve 
because it is not known in detail bow the adsorption en masse of phage to a bactenum 
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that IS already near a lysis from within will interfere with this process It is also not 
quite certain whether those parts of the surface of the bactenum that adsorb the phage 
will lose their capacity of binding phage immediately upon lysis In the strains used 
previously a slow decrease of phage assay after lysis could be ascribed to the continued 
“adsorption” of phage onto those scattered surface elements No such decrease of 
phage assay was ever observed with the new strain But such observ^ations refer only 
to mactivation long after l}'sis and do not tell us whether the adsorbent is instantly 
destroyed upon lysis 

We have therefore calculated growth curves on the basis of two extreme assumptions 

(a) The amount of adsorbent decreases hnearly from its initial value to zero during 
the 16 minutes m which the bacteria are lysed 

(b) The amount of adsorbent stays constant at its mitial value throughout the course 
of lysis 

Case (o) is described by the differential equation 

dP/dl ^ A - kBo (l-t/T) P 

In case (b) we have 

dP/dl <= A - kBoP 


In these equations the first term, A, represents the phage liberation by lysis dunng 
the mterval T, as determined m the one step growth curves, the second term is the 
decrease of phage due to adsorption either on the unlysed bactena only (case a) or on 
the unlysed bacteria plus the adsorbent from the lysed bactena (case b) 

These equations can be mtegrated exphcitly 
We obtain in case (o) 


P = J^-\/*-r«2(r/r)»-(r-/)»/r*(c;(2’/,.) _ ^([7’ _ /]/r)] 


With 

and G(x) the Gaussian integral 


r = V^T/kBo 


G(*) 



dx 


In case (i>), with constant adsorbent, the adsorption rate groi\s continuously ^vlth 
the free phage concentration In this case we have therefore no point of inflection 
but a continuous asjmptotic approach to the final titre 

kB(f 1 

Since all required constants are known from independent experiments, the par- 
ticular solutions appl>ing to our case can be evaluated quantitativclj These have , 

been plotted m Fig 6 The experimental values faU between the limits set by these 

two cases 

We have also plotted the curve obtained in an ordinary one step growth 
curx'e, with 5 m excess (taken from Fig 4) The difference between this 

1 

i 
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curve and the openinental values is the amount of phage lost by adsorption 
The data show that about one hundred phage are lost per bactenum It is 
clear that this loss depends entirely on the rate of adsorption, which is 
determined by the product kBe If we wish to mcrease the yield per bac- 
terium we have to decrease either Ba or it Reduction of J5o brings us to 
the condition employed m the one step growth curves Here the man- 
mum yield of phage growth per bactenum is obtained, but the actual con 
centrations of phage are of course very small 

A promismg way of mcreasing the end titre of phage would be to reduce 
k, the adsorption rate constant. The verv mtereatmg experiments of 
Krueger and his coworkers (8, 9) on the influence of the addition of salts 
(NaCl and NajSOi) to a growth mixture of phage and bactena would seem 
to be completely in accord with the assumpbon that the adsorpbon rate 
constant is diminished m the presence of salt. 

In fact, a diminished adsorpbon rate constant should manifest itself m 
several ways m a phage growth curve, m which one starts with low concen 
tiations of both phage and bactena Namely 

1 Delayed clearmg, due to delayed adsorpbon, and therefore delayed 
phage growth 

2 Higher maximum concentrabon of bactena, due to delayed lysis 

3 Higher end titre of phage, due to 

(a) higher number of bactena producmg phage 

(i) reduced loss of phage by multiple adsorpbon 

4 Higher mbo of free to bound phage durmg the stationary growth 
phase, due to the fact, that every phage particle spends a longer time in the 
free state between liberabon and adsorption 

5 A penod of constant bactenal concentrabon precethng lysis, when all 
bactena are infected and cease to divide but when the phage concentrabon 
IS not yet suffiaent for lytis 

Precisely these five differences from the normal course and no others were 
noted by Krueger and Stnetmann (9) m their study of the influence of the 
addibon of NatSOi 


SUiniAXY 

1 A new stram of B colt and of phage acbve against it is described, and 
the relabon between phage gr o wth and lysis has been studied It has been 
found that the phage can lyse these bactena in two distinct ways, which 
have been designated 1yds from within and lysis from without 

2 Lysis from within is caused by infecbon of a bactenum by a single 
phage particle and multipUcabon of this particle up to a threshold value 
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The cell contents are then hberated into solution without defonnation of 
the cell wall 

3 Lysis from without is caused by adsorption of phage above a threshold 
value The cell contents are hberated by a distension and destruction of 
the cell wall The adsorbed phage is not retrieved upon lysis No new 
phage IS formed 

4 The maximum yield of phage m a lysis from withm is equal to the 
adsorption capaaty 

5 Liberation of phage from a culture m which the bactena have been 
smgly infected proceeds at a constant rate, after the lapse of a minimum 
latent penod, until all the mfected bactena are lysed 

6 If the bactena are ongmally not highly m excess, this hberabon is soon 
counterbalanced by multiple adsorption of the hberated phage to bactena 
that are already mfected This leads to a reduction of the final yield 

The author wishes to express his appreaation for the hospitahty extended 
to him by the Biology Department of the Cahforma Institute of Technology 
dunng the tenure of a Fellowship of The Rockefeller Foundation In 
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STUDIES ON THE CHLOROPHYLLS AND PHOTOSYNTHESIS OF 
THERMAL ALGAE FROM YELLOWSTONE NATIONAL 
PARR, CALIFORNIA, AND NEVADA 

Bt 0 L, INMAN 

{From Iht C F Kelterint Foundation for Uit Study of CMorophyU and Pkotosyntieju, 
Antioch CoUcgc, VcUoto Springs) 

(Recaved for frablicetion, March 6, 1940) 

Much work has been done on the geological history of the hot springs 
and geysers, and several taxonomic studies of the flora and fauna of thermal 
water have also been made. The works of Weed (1), Setchell (2), VouL 
(3), Brues (4), Ckipeland (5), and Howard (6), and references they ate, 
give a reasonably good survey of the findings m this field The author 
has found but httle physiological data on the chlorophyll-containmg plants 
of thermal waters 

The mam purpose of this study was to mvesbgate the chlorophylls of 
algae growing m the hot springs and geyser pools of Yellowstone National 
Park and compare them with the chlorophylls found in other green plants 
growmg at much lower temperatures Studies of algae from hot springs 
m California and Nevada were also undertaken 
On March 6, 1937, through the courtesy of Mr Joseph Joffe, Assistant 
Superintendent of Yellowstone National Park, the author received five 
samples of plants collected in the park on March 1 and dripped to Yellow 
Sprmgs, Ohio, m glass bottles m the water m which they were found growing 
Taking a typical case the following data will mdicate the nature of the 
study of each sample Sample Phormtdium lamtnosum (Ag ) Gom , col 
lected from Mammoth area, temperature of water 65°C Phase test and 
basicity test normal Absorption spectra of algae m water 

I U HI IV End abs. Order of intensity I, IV, II, HI 
676 620 S85 497 457 

Acetone extract after transference to ether gave the foUowmg absorption 
bands expressed m Angstroms '■ 

1 Shadow H ill Sbadoir IV V VI End abs. Order of 
662 8 642 8 613 2 577 6 533 5 482 7 453 6 431 8 423 5 

intensity IV, VI I, V, HI, H 

^ None of the plant pigments were separated or purified due to the small qusnbtics 
available 
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The ether extract was saponified with 40 per cent methyl alcoholic potash 
The absorption bands m the ether layer above the potassium chlorophyUin 
were 

I n End abs Order of intensity I, n 
482 7 452 1 425 0 

Spectrum of saponified chlorophyll or potassium chlorophylhn m the 
methyl alcohohc KOH mixture 

I H m End abs Order of intensity m, I, II 
642 2 509 8 481 0 453 5 

Absorption bands of aadified ether extract or pheophytin 

I n m V End abs Order of intensity IV, I, V, m, H 

666 6 606 3 534 0 480 7 450 5 431 8 

Two other samples contained Phonmdwni lamtnoswn (Ag) Gkim and 
m one case Spirnhna labynntJnformts (Menegh ) Gom mixed with Phor- 
imdtwn All the above data apply to these samples The temperature 
where these algae grew ranged from 48 5-65°C One sample from the 
spnng called Cleopatra (70°C ) consisted of sulfur bactena only, although 
other samples contamed Myxophyceae 
The most important features of these data were the abnormal ratio 
of chlorophyll a to b and the evolution of oxygen which took place when 
the plants were irradiated while at 20°C This latter reaction would tend 
to mdicate that such Myxophyceae normally growing at 65°C could carry 
on the process of photosynthesis at normal temperatures This would 
also show that hght energ}'- need not necessanly be supplemented by tem- 
peratures above 20'’C m order for these algae to carry on the process of 
photosjmthesis for several da3'-s at least No attempt was made to grow 
the algae at 20°C or at higher temperatures 
After obtaimng the above data, a collecting tnp was made in Yellowstone 
National Park dunng July, 1937 Samples were taken from the Mammoth 
area, Madison Junction, Lower Geyser Basin, and Upper Geyser Basin 
Care was exerased to collect from pools where the plants were continuously 
exposed to the hot waters for days at a time and not merely bathed inter- 
mittently wnth the hot water Thu-ty-three samples were dned immedi- 
ately (40-50°C ) and stored In many cases some samples were dried and 
others preserved m formaldeh> de Some of these w ere examined on August 8 
and 9, 1937, and repeated examinations made in October, 1938 ' Collections 
cons'sted largely of the calcareous or sihceous deposits to which the algae 
adhered 
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In the tmly sihceous areas of the park, nine samples -were collected and 
examined The absorption spectra, phase tests, and basiaty tests of the 
extracted chlorophylls were normal The ratio of chlorophyll o to i varied 
Chlorophyll b was never absent but did not reach more than IS per cent of 
the total chlorophyll present The plants found were Pltorvitdtum Treleaset 
(Ag ) Gom and Synechococcus Imdus Copeland. The temperatures from 
which collections were made varied from S4 4r-72.2°C In one case sulfur 
bactena were collected from waters 82 2°C The elevation varied from 
about 7,000 to 7,500 ft 

A typical examination of these chlorophylls is given below Sample No 
13A was collected near Green Pool, Upper Geyser Basm, July 15, 1937 
The temperature of the water was 72.2°C The collecbon consisted of 
Phormtdtum TreUasa (Ag ) Gom and Synechococcus Itmdus Copeland 
The phase test was normal with typical potassium chlorophylhn with an 
absorption band at 642 m/i The basiaty test was good An acetone 
extract with transference of the chlorophyll to ether by means of water 
gave the followmg absorption bands 

I n m IV V VI vn vm End abs. Older of in 

653 4 644 S 613 0 578 0 £35 S 483 0 456 0 433 0 410 0 

tensity Vm I, VI, VU, IV, m, V, U. 

Pheophytin produced by addmg 10 per cent HQ to the ether solubon m 
the cold 

I niniV V VIVIIEndabs. Older of Intensity 
667 2 605 7 562 5 534 3 SOS 7 480 0 452 1 421 0 

I, vn VI, IV, V n, m. 

Chlorophyll b was about 15 per cent of the total chlorophyll present 
The exammation of this material, which had remamed in a dned condibon 
m a glass jar, gave essenbally the same chemical tests and the same absorp- 
tion qiectra when exammed September 20, 1938 
From the calcareous Mammoth Hot Sprmgs (elevabon 6,500 fb) area 
20 samples were taken The temperatures, where algae were found growmg 
and coUecbons made, ranged from 37-72'’C The pH of the waters varied 
from 6 J-6 7 m this region accordmg to Copeland (5) The species m 
eluded (1) Phortmdtum Treleazei (Ag) Gom., (2) Synechococats hmduz 
Copeland, (3) SpmiUna labynnthiformu (Meneg ) Gom , (4) Phormidtum 
lamtnosum (Ag ) Gom , (5) Synechococcus elongatus Nag Phormtdtum 
Trdeaset and Synechococcus Itoidus were often found together 
At Mound Terrace (Mammoth area) six coUecbons were made from 
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•waters v?itli the folIo-wing temperatures 67°C , 60°C , 56 8°C , 43°C 
40°C , 36 6°C Phormtdniin Trdeaset (Ag ) Gom was a constant and the 
most abundant form present In the three higher temperatures some 
SynecJiococcns Iroidiis Copeland was found It was qmte dear that the 
temperature range of growth of these two speaes was not too restricted 
and exammation of the chlorophylls gave normal chlorophyll and 
pheophytm absorption bands Collections 11 A, 7C, 4B, 4C, growing 
at temperatures from 59-67°C and composed of the same genera and 
speaes as the samples unmediately above, gave the foUowmg absorption 
bands when an acetone extract was transferred to ether Sample 7C is 
representative of this group 

I n in IV V VI vn vm IX X End abs 

664 0 644 0 610 9 576 5 54S 8 532 5 501 0 481 2 455 5 432 5 420 0 

Order of mtensit}’- X, I, ^^II, IX, VH, HI, V, IV, VI, n 
The pheophytm absorption spectrum of 7C m ether was 

I n m rv V VI End abs Order of intensity I, VI, V, 

667 0 606 8 548 5 534 5 509 5 472 0 453 5 

m, n, w 

In the samples 11 A, 7C, 4B, and 4C there was an absorption band at about 
548 which is not present m any other known chlorophyll e-rtract from 
plants This also remamed m the pheophytm spectrum Whether this 
is some unusual accompanymg pigment or a modified chlorophyll cannot be 
settled at the present tune It does not seem to be a matter of species or 
temperature at which the plants were gro-wing, but it is worth observing 
that there was no such findmg m the stnctly siliceous smter region of the 
Upper and Lower Geyser Basm These modified chlorophylls appeared 
only in the calcareous waters Such absorption spectra mdicate another 
probable modification of the chlorophylls now kno-wn 

In the summer of 1939, studies of algae from “The Geysers” in Sonoma 
county, Cahforma, and at “Beowawe,” Nevada, were made 

Matenal from The Geysers m Cahforma was collected from waters ranging 
m temperature from 49-66°C All specimens showed the presence of a 
umcellular green alga which is probably Chlorella sp The chlorophylls 
from these specimens were preserved m 5 per cent formaldehyde and upon 
exarmnation gave normal pheophj’tin absorption spectra This loss of Mg 
by the chlorophyll molecule during the storage of algae in 5 per cent formal- 
dehyde is normal It seems reasonable to assume that the chlorophylls 
of these green algae are also normal m respect to ordinary properties To 
find no blue-green algae in the six specimens collected was rather imexpectcd 
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The coUecbons from Beowawe, Nevada, were tahen from water of tem- 
peratures from 60-7 1°C The elevation was about 4700 ft. The speaes 
represented were Phormtdium TreUaset (Ag ) Gom and Phorimdtum 
lamtiwium (Ag) Gom The chlorophylls were preserved m 5 per cent 
formaldehyde and spectroscopic eiammation showed a normal pheophytin 
spectrum m each case Thus there appears to be no reason to assume 
that these chlorophylla were not essentiaBy normal It is interesting to 
note that the apeciea here were also common m the Yellowstone matenal 

In all the habitats mvesUgated, it was evident that the algae grew more 
abundantly m waters tangmg in temperature from 37-50°C This was * 
also true of a smgle speaes such as Phortmduim TreUasn (Ag ) Gom In 
Yellowstone Park, where the altitude was from 6000 to 7500 fL, there would 
be a white to rose-colored thin mineral crust on many pools Under this 
one often found considerable algae This probably mdicated that the 
radiation at the higher altitudes must have been too mtense for these 
plants and they grew better where there was some shading Nothmg like 
this was found in the Geysers m California or at Beowawe, Nevada, 

CONCXtJSIONS 

From the data obtamed it seems most reasonable to conclude that the 
thermal Mjccophyceae studied have, for the most part, normal chlorophylls 
with chlorophyll b constitutmg about half of the usual amount present m 
most green plants Evolution of oxygen upon uradiation at normal room 
temperature was positive. These algae undoubtedly carry on photo- 
synthesis m their natural habitat at the higher temperatures What pos- 
sible changes m the mechanism of the photosynthebc process might be 
found here must r emain for future mvesbgabon to deade Whether these 
speaes emat in thermal waters through adaptabon or are rehes of past 
ages cannot be defimtdy stated, but the fact that, for the most part, normal 
chlorophylls are present may add more credence to Vouk’s contenbon 
that the flora of thermal waters is chiefly due to adaptabon of these forms 
to high temperatures After finding algae growing m mtense radiabon at 
high temperatures with the water often charged with hydrogen sulfide or 
containing arsenic, one feels that these plants are well worth further phys- 
ologicnl study An examination of the nature of the protemaceous enzvmes 
and the properties of many of the other chemical compounds assoaated 
with cell metabolism and photosynthebc reacbons should be of much value.’ 

• All identificadoiu of algae were made by Dr Franca Drouet of the Field Museum 
Chicngo,Illinoil. ^ i 
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SUMMARY 

1 Myxophyceae normally growing at 65°C evolved oxygen upon irradi- 
ation and showed evidence of retaining the pow'er to carry on the process 
of photosynthesis at 20°C This indicates that extra thermal energy is not 
essential for photosynthesis at least over a short penod of time 

2 Chlorophyll a and h found in several species of Myxophyceae growing 
in waters ranging m temperature from 37-72°C are essentially the same 
as found in plants growing all over the world Certain standard chemical 

, tests and spectroscopic examination of the chlorophylls were used as the 
cntena for these compansons The ratio of chlorophyll atoh often vaned 
considerably but m general chlorophyll a showed an mcrease over the per- 
centage found in most plants 

3 Green algae {Chlorella sp ?) were the only forms found at The Geysers, 
California The temperature of the waters from which collections were 
made vaned from 49-66°C 

4 Collections from Beowawe, Nevada were from waters ranging from 
60-7 1°C The algae belonged to the Myxophyceae and the species were 
like some of those found m Yellowstone National Park 

5 In some of the calcareous regions of Yellowstone National Park 
spectroscopic study of the chlorophylls revealed an unidentified absorption 
band at 548 mix 
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REACTION TO VISTIAL FLICKER IN THE NEWT TRITCJRUS 


By W J CROTTER akd ERNST WOLF 
(From Ua Btotoshol LaboraUrria, Hartori Unlvemly, Camhridte) 

(Recdved for publication, Januniy 15, 1940) 

I 

The basis for recogmbon of visual flicker is described by the properties 
of the mterrelatioiiships of the flash frequency F and the flash intensity I 
which are cntical for the exhibition of a forced reacbon The curve ex- 
hibiting the connecbon between P and I, as obtained from many repeated 
measurements, is a band defining a region on the F — I gnd withm which 
there obtains a certain probabihty that succeeding equivalent determma 
bona of cnbcal F or I, under the same conditions, will be observed to fall * 
The dependence of mean cnbcal I upon F (or the converse but not idenbcal 
dependence of F« upon I) is fundamentally depicted by a probabihty 
integral in which F is ordinate and log /, is abscissa • For man and for 
vanous fishes the visual flicker curve is made up of two secbons, a low 
mtensity porbon which rises to a maximum and then descends to F ~ 0, 
and a higher, larger parb The two part* overlap, additively, to varymg 
degrees m different organisms Many reasons have been held to support 
the view that the lower part represents the activity of those elements of 
exatabon connected with the rebnal rods, the upper with the cones • The 
analysis of this situation is assisted by the considerahon of further cases 
where, m different vertebrates, varying degrees of overlappmg of the 
contnbubons due to rods and to cones may be expected and where these 
two groups of sensory elements are known to be present m varying relative 
proportions The separation of the “rod” and “cone” curves on the log I 
axis may be great or small, the decay of the rod contnbuhon as log / 
mcreases may be slow, delayed, or rapid, the maximum rod contribution 
may be comparatively large, or small The abihty of the analysis to 
account for the data m all these circumstances is a test of its capaaty 

In a number of fishes examined differences of these types have been found 

‘ Crontr, 1935-36, 1936 Crorier Wolf, «nd Zenahn Wolf, 1936-37 a b 1937-38 e 

* Croner 1937 Croner Wolf and Zerralm Wolf 1936-37 c d 1937-38 a b, c 

• Heclit and Vern}p 1932-33 Hecht SUner and Smith 1935 Hecht and Smith, 
1935-36 Hecht, 1937 Crosier Wolf and Zenahn Wolf, 1937 1937-38 o. 
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(Crozier, Wolf, and Zerralm-Wolf, 1937, 1937-38fl), but they have been 
rather shght The F - log I curve is of a form permittmg eas}^ separation 
of the two classes of elements For man (Crozier, Wolf, and Zerrahn- 
Wolf, 1937-38 c) the rod curve is relatively larger, and closer to the cone 
part, the degree of overlappmg is more considerable, so that even at the 
lowest part of the data, down to F = 1, the separation is mcomplete A 
good part of the cone portion of the curve, however, is free from the addi- 
tion of effects due to rods (F = 18 to 56, 59 m our measurements) 

We now discuss a case m which the morphology of the F — log I curve 
IS more extensively modified by the fusion of the segments due to the two 
classes of sensory elements With the newt Tnturus there is obtamed a 
curve which cannot be mterpreted m simple terms without careful analysis 
mto Its components The lower magmtude of the mtegrated rod contribu- 
tion, its small log I range, and its shghter separation on the I axis from that 
putativel}'- due to the cones, produce m the curve of the summated end re- 
sult a distortion which causes the F — log I graph to exhibit certam unusual 
features The presence of more than one kmd of rod and cone is clearly 
suggested by the histological structure of the retma of certam lower verte- 
brates With Tnturus the flicker curve shows a complexity which can 
perhaps be understood on this basis Attempts to correlate the form of the 
composite flicker curve with details of retmal structure (and with ethological 
charactenstics) must await wider exammation of vertebrate types In the 
frog^ the complexity of the F -- log / contour here described for Tnturus 
IS not found Correlations of response data with known pecuhanties of 
retmal structure do not of course imply m any necessary way that the 
quantitative properties of the data are determined at the retma ® 

n 

The water form of Tnturus vtndescciis vtndcscais (Raf ) was used with the procedure 
pre\ lously descnbed m connection -wath our observ^ations on fishes, turtles, the gecko, 
and aquatic insects ' The newts were from a stock collected in western Massachusetts, 
but probably from different locations They had been for some time kept at 4°C in a 
cold room After several daj's at room temperature, with good feeding, they ivere 
acti\e and responsive The 10 individuals selected were of about the same size, 3 to 
3 5 mches m length The experiments were made at 21 5°, with preliminar> darl 
adaptation, bj the routine alreadj discussed * The flash cjxle was of equal light and 
dark mtervals Dunng some daj’s of prehminarj’ tnals there develops a definite con- 
ditionmg to the experimental situation, such that the threshold response to flicker 
becomes clearer and more easily detected 


* Crozier and Wolf, 1939-40 

® Cf Crozier, 'U olf, and Zerrahn-Wolf, 1938-39, Crozier and Wolf, 1938, 1938-39 
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The response is “slow,” however, and by no means so convenient to work with as 
that shown by the fishes we have used. One usuaJl) obtains only a deflection of the 
newt’s head In the direction opposite to that of the moving stripes Rarely, walking or 
swimming with the stripes was seen Its occurrence depends upon the general state 
of activity of the animal at the tune, and not upon the mtensit> of light. Frequently 
tests must be repeated a number of times before reaction is obtamed The newts tend 
to become inactive m the thermostat, and gent^ mechanical agitation was resorted to 
before the tests 

The adjastment of the intensity to the Icvd critical for reaction, or of the flash fre 
quency at fiiwi /, u made slowly The response has a large latency, so that the possi 
bfllty of overshooting the end pomt Is comparatively large. 

Despite thi>i difficulty however, the variability in the measurements is not great. 
The procedure we have used as standard* takes three readings of T (or of F ) m succes- 
sion on one individual, averaged to give /i (or Fj) The mean dispersion of these 
individual / s Is no greater than ^th other animals tested The variation of Ij, how 
ever is rather than usually found this is an artifact, due to the circumstance that 
one newt m the lot of 10 was persistently more sensitive and another less sensitive than 
the others In more homogeneous groups of individuals the mean rank-order numbers 
for Increasing magnitudes of /i are randomfy distributed in successive tests * With 
this lot of TrUurus we were less fortunate in the effort to obtain homogeneity and 
equivalence of Individuals Thus In 36 sets of tests Ko 8 gave a mean rank number 
2 82 ± 0J40 (PJE «), while No 3 gave 697 i 0.285 The difference is over 
11 times its FX , and is correlated with certain minor differences in the flicker curves 
as a whole. For the other 8 individuals used, the relative rank-order numben have 
random values For the exceptional animals the sensitivities art in the same order 
when F u measured It is therefore a test of the value of the data that, despite the 
greater difficulty with which the readin^p can be made in comparison with the situation 
m some other animals used small individual differe n ces can be consistently identified 
over a long period of observation. 


m 

Table I contains a summary of the averages of the observations The 
variation of h follows the nile^ that Im and are m direct proportion 
(Fig 1) Above log/ “0 5 adifferentongm ]£ required,* asm otherflicker 
data on vertebrates, the pomt of transition to the high mtensity (lower 
slope) section of the plot m Fig 1 is rather definitely related to cer ta i n other 
properties of the measurements (section IV) The fluctuation of Pi as 
measured by P E ,, also exhibits (Fig 2) the quahtative properties expected 
from eather work (Croner, Wolf, and Zerrahn Wolf, 1936-37 a, 6), m that 
it rises to a maximum at each region of inflection on the F — log / curve, 
while the final descendmg limb of the P E jr, curve falls to a level well 
above that from which it rises The magnitudes of P E and of PJE p, 
are of the order found with other forms * It has been pomted out (section 
n) that one of the mdividuals m our lot of 10 showed a persistently higher 
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TABLE I 

Mean cnbcal lUununations for response to \nsual flicker at vanous fixed flash frc- 
quenaes F, with tz,/lo = 1, as log /„ and log P E (miUilamberts), for the newt 

Tnlnrus vindescetis vindescens (Raf), and mean Fi with PEj^^ (flashes second) 

at fixed mtensities Temperature, 21 5° N ~ 10 mdividuals, three observations on 
each pomt (Sji <= 30) In view of the pecuhar shape of the flicker contour, a second 
set of 10 TrUurus, of the same size, was studied, some 6 months later, the entries under 
log Im and log P E m parentheses were obtained with this second senes, they agree 


quantitatively with the data from the first set 


F 

log/„ 

log 

log/ 

Pm 


ter sec 

mlltlamlerts 

mtllilamherts 

mlUlamherts 

per sec 

per sec 

2 

6 9938 

7 7166 







5 000 

1 96 

0 0321 

3 

5 3332 

6 0282 







5 500 

3 77 

0 0330 

4 

6 6663 

6 2090 




5 

6 7482 

6 7398 







4 000 

6 86 

0 0103 

6 

4 0267 

6 4926 




7 

1 4 4163 

5 0358 





I 


4 500 

7 36 

0 0146 


I 1 


3 000 

7 94 

0 0526 

8 

3 0806 

5 9258 







3 500 

8 68 

0 0312 

9 

3 6974 

4 3143 




10 

3 8238 

4 7171 





(3 8240 

4 0457) 







2 000 

11 72 

0 0615 

12 S 

2 0906 

4 4839 




15 

2 3608 

3 3078 





(2 3623 

4 8684) 







2 500 

16 44 

0 358 

17 5 

2 6296 

3 1274 



1 

20 

2 9319 

2 0175 





(2 9287 

3 2646) 







1 000 

20 12 

0 372 

22 5 

i 2368 

3 6814 




23 

i 3197 

3 8108 







r 500 

24 02 

0 318 

25 

i 6677 

' 2 3738 





(i 6642 

3 8874) 




26 

1 7260 

2 2707 




27 5 

i 9363 

2 4473 







0 000 

27 03 

0 375 

29 

0 1738 

1 2 6548 




30 

0 4012 

1 3043 




1 

(0 3634 

2 8973) 

1 1 

0 500 

30 80 

0 214 
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TABLE I — Concluded 


r 



w/ 

8- 



nWOtmitrU 

mlOOcmitrU 

miBOamltTti 

p*r uc 

^ f«e 

31 

0 6626 

I 1342 




32 5 

0 7996 

I 0409 




33 

(0 

I 1878) 

1 000 

S3 63 

0 254 

35 

1 B603 

I 8988 





(1 9180 

I 3892) 




3fi 

1 HOB 

I 77M 

1 500 

36 46 

0 214 

37 5 

1 7C21 

0 2039 

2 000 

38 93 

0 251 

39 

(2 1028 

0 2679) 




40 

2 3170 

0 7177 





2 3124 

0 1568 





(No 8) and another (No 3) a persistently lower relative sensitivity The 
figures tn Table I are based on the measurements with all 10 Indices of 
scatter (P E /,) computed with these two omitted, the eight remaining ones 
havmg randomly diatnbuted mean rank-order numbers for relative sen 
sitivity, show but an insignificant change from those given m Fig 1 It is 
of some interest that, despite the slowness of the response of Trtiunu, the 
method of observation is sufliaently dehcate to reveal slight consistent 
differences between mdividuals when they occur This is consistent with 
the findmgs with Anax (1937-386, d) and other forms ' The mean vana- 
hon m successive readmgs with one mdividual is of the order of 0 4 per 
cent. There is no systematic change m the relative sensitivipes with tune 
dunng the long penod of observation (about 1 month) , the observabons 
were arranged to reveal any such changes 
The jF„ figures do not he definitely above the F — curve (Fig 3), as 
found with Anax and sunfish (1936-37 o,i) The slowness of the newt’s 
response might lead to this result, smce the danger of ''overshootmg” to too 
low an P might be expected, — parbcularly if the level of adaptabon is 
higher tha n when 7, is being dete rmin ed The three successive readmgs 
on each mdividual show no temporal drift, so it is unlikelj that adaptabon 
IS a factor In the region log 7 — 5 3 to 0.5 the chief discrepancies between 
F« vs log 7 and log 7_ w F occur It is to be noted that m this zone the 
curve has a special character (secbon IV) The pomts m Fig 3 are aver 
ages Considerabon of the mdividual measurements discloses that it is 
characteristically m the range from log 7 >=■ 2 0 to 0 S that the F. readmgs 
are too low, rather than elsewhere We may therefore suspect that some 
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speaal feature of the case m this region is responsible There is other 
evidence for this 



Fig 1 Im and P E are directl}’- proportional, up to log 7 = 0 5, as the log plot 
IS rectilinear vnth slope ■= I /„ is the mean cntical intensity for response of Tnlurus 
to flicker, at TOnous flash frequenaes, PJI ijj is the P E of the dispersion of /i Above 

0 5, the slope changes, as m other flicker data on vertebrates the terminal part of the 
graph can be rectified with slope =■ 1 by taking a new ongin ^ (The open circlets arc 
points obtained m the second senes of measurements, ^ Table I ) 



Fig 2 P E /-j w log 7 


rv 

The plot in Fig 3, as well as the graphs for the data of the several indi- 
\nduals separately, show separation into two mam portions a low intensit) 
part and a steeper, larger part at higher mtensities Through the second 
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of these no simple smooth cuive can be put The change in curvature at 
about log J e. 0^ IS real and significant. A probability mtegral is easily 



Fio 3 F w log I for rwpcmse of TrilMrui to flldcer Data In Table I Solid dots, 
/«, open oicleti, F« Each point b an average of 30 detennlnations. Crosses, /» from 
a second, IndqKndent senes of measurements (Table T) 



2. 1 0 1 a 

lo^L 


Fla i F V3 log / for the upper (cone) porbom of the data on two mdlvidnaU, 
Nos. f and 8, whfch show about the widest difference in the extent of the departure 
frotn a probability integral in the nei^iboihood of log I - I 'Each point is the mero 
of three measurementi. The dope is the same for No 1 {F„^ - 43 7) and for No 8 
(Fiomx — 44 0) Discussed in the text. 

adjusted to the points above this mtensity, hut between log J = 5 0 and 
0 5 there is a definite dqmrture from it. The departure cannot be traced 
to properties of the apparatus or procedure. No filters were used to regu- 
late intensity above log I — 2.0 It is important that the 
in extent for the several mdividuals (Fig 4), and that the 
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istically low Fm readings m this 2 one tend to approach the probability 
integral (Figs 4 and 5) The departure from the probabilit}' mtegral is 
thus of a nature quite different from that which we have analyzed in the 
responses of Anax (1937-38l>) 

If one separates the rod function curve from the composite total (Fig 5), 
on the basis that the uppermost part of the data is properly descnbcd by a 
probabihty mtegral, the result is of the same type as that which we have 



Fig 5 The flicker response contour for Trilurus, analyzed with reference to the 
criteria discussed in the text Open arclets, Fm, solid, 7„ The dashed line is a prob- 
ability integral The left-hand dotted line (by difference) gives the course of the rod 
contribution to F as J increases The bulge between log / ■= 2 0 and 0 5 is taken to 
be due to the activity of a different subsidiarj-^ group of receptor units (dotted curve at 
the nght) 

already desenbed for the measurements with various fishes (1936-37 J, 
1937-38 a) and man (1937-38 c) The raw figures for the rod-dominated 
lower segment of the observations do not at all adhere to a probabihty 
mtegral The ascending and the descending parts of the rod curve ob- 
tamed by difference (left-hand dotted curve m Fig 5) are quite precisely 
desenbed m this way, as in the various cases already analyzed 

The rod component of the flicker reaction contour for Trtiiirus does not 
differ matenally from that obtamed with certain fishes at the same tem- 
perature (1937-38 a), sa\e that it has a lower and a quicker decline 
Its location as measured b\ log I at the inflection point (5 4) is slightl> 
higher than that for the fishes tested, its S D {alozi) about the same, its 
declmmg cune a little steeper The rod cune inflection is separated from 
that of the cone member hy about the usual distance on the log 7 scale 
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The 6fle umisual feature of the cone curve, aside from the comphcatmg 
bulge between log / ■= 50+ and 0 S, is its great spread. Its S D is about 
twice that found for the several kinds of teleosts we have tested, and is also 
larger tbnn that obtained with man (1937-38 c) The maximum assigned, 
and the value of log I at the inflection, are very similar to those for the 
fishes 

The justification for the use of the curve m Fig S is (1) that it describes 
the upper part of the data, (2) that it provides a rational mterpretaboii of 
the rod region of the data, and (3) that the degree of departure from the 
probabihty mtegral between log 1 = 5 0+ and 0 S is a function of the 
mdividual newt The nature of this departure (Fig 5) is such as to suggest 
the presence of a third kmd of visual element m the retma — possibly 
“double rods” — present m about one-half the frequency of the typical rods. 
The addibonal elements are probably* not due to photoreceptors m the 
skin, as experiments with newts havmg the eyes covered by speaal %hnd- 
ers” gave no reactions at any mtenaty for flash frequency The behavior 
of the F, figures m this region of the curve could be mterpreted as mdicatmg 
that these elements have special properties as concerns photic adaptation 
The presence of special lands of visual ceUs m developmg amphibians is of 
course not unknown There is a possfbihty that the number and properties 
of these "extra” elements should differ more extensively from one mdrvidual 
to another than do those of the more typical receptor umts It is to be 
noted that, as with other vertebrates (1937-38 d), the break m the log I — 
log PfE 1 curve (Fig 1) comes at the level of mtensity (here, log / ■= 0.5) 
where the contribution of “rod” elements fades out completely 

The peculiar bump on the flicker response curve (Fig 3) was confirmed 
by a separate senes of erpenments, 6 months later, with a new lot of am 
mals These data are also given m Table I, and m Figs 1 and 3 In this 
senes, as for the earher one, several mdividuals are found to be persistently 
more datable than the others 

We are mdebted to Dr Gertrud Zerrahn Wolf for assistance m the 
expenments 


smntARY 

The flicker response curve for the newt Tnturus vtrtdescens (water phase) 
has much the same quantitative structure as that found with vanous fresh- 
water teleosts at the same temperature (21F°) The vanabihty of cntical 

• It 13 of course not inconcavablc that over a certain range of flnsb intensities visual 
effects onginahng from the eyes could be reinforced by impulses origmating in the akin, 
such effects could not be detected In the absence of retinal stiinulabon. 
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intensit}' and of cntrcal flash frequency* likewise follows the same rules 
The cone portion of the F — log / ain'e is much more widely spread, 
however This, and the rather low maximum to which the rod cur\e 
rises, produce a considerable overlapping of the two parts additiiTly fused 
In addition, and to an extent which differs m vanous mduaduals, there 
IS apparent a shght departure from the probabihtj' mtegral form of the cone 
cur\’e Reasons are given for considering that this is possibl}" connected 
with the role of an additional (small) number of (perhaps temporal) , or 
developmental) retmal elements m addition to the tjqncal rods and cones 
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THE FLICKER RESPONSE CURVE FOR FUNDULUS 
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I 

A number of vertebrates have been emmmed by us as to the form of the 
mterdependence of flash frequency (F) and flash mtensity (I) for reaction 
to visual flicker The technic, apparatus, and procedure have been umform 
in all these cases. There has been used, except m speaal experiments, a 
flash cycle m which hght time and dark time are equal, and the temperature 
IB the same (21 5°) We know, for several forms, that the shape of the 
F log I curve (the flicker response contour) is not a function of tempera 
ture,' nor of the fraction of the flash cycle occupied by hght.* Its position 
on the log I axis is governed by the temperature, its posihon and the 
magmtude of the F-scale umts ate dependent upon the hght time fraction 
of the cyde time Its shape is, however, a function of the nature of the 
animal tested* 

For typical vertebrates the flicker response contour comprises two parts 
or segments, so that the curve Is a doubly inflected 5 ‘ The association 
of the smaller, low mtensity part with the functional activily of retinal 
rods and of the larger, upper portion with that of retmal cones* is con- 
sistent with a large body of speculation and systematiied informabon m 
visual physiology • 

In Leepmg with this concepbon, an animal which exhibits no histologically 
recognizable retinal rods, the turtle Pseudemys, and another with no cones, 
the gecko Sphaerodadylus, give flicker response curves which follow a 

* Croiicr, Wolf, and Zerrahn Wolf, 1936-37 o, b 1937-38 6, 1938-39 Croiicr and 
Wolf 1940, 1939-40 a 

* Croiier, Wolf, and Zenahn Wolf, 1937-38 c, e, Croxicr and Wolf, 1939-40 & 

» Croaier, Wolf, and Ztmdin Wolf, 1937-38 h, 1937-38 o, 1937, 1938-39 Croner, 
1937, Croner and Wolf, 1938-39 o, 1939-40 0 

* Wolf and Zerrahn Wolf, 1935-36, Croiicr, Wolf, and ZerTahn Wolf, 1936-37 o, 
1937-38 0 , b, c 

•Hecht, 1937 (review), Croner, Wolf, and Zerrahn Wolf, 1936-37 o, 1937-38 6 
t Croiicr and Wolf, 1938-39 a 6 c. 

•Hecht, 1937 
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Simple, imcomplicated sigmoid course over its whole extent’ To this 
curve there can be fitted a probabihty integral 

%L»qO 

which descnbes the mterdependence of F and I with excellent fidelity ’ 

This equation also serves to descnbe each segment of the compound 
curve for other vertebrates (vanous teleosts,® and man®) The “rod” 
and “cone” curves overlap in a particular way,® ® which has been analyzed 
by the assumption that after reachmg a maximum value of F the rod curve 
dechnes with mcreasmg mtensity Vanous bits of evidence, in addition 
to its descnptive utihty, support this idea ® It is of some moment, how'- 
ever, that this general formulation be tested by applying it to a variety of 
animals We have pomted out® that different kinds of overlapping of the 
rod and cone contnbutions to the F-log I contour are to be expected, and 
some of these have smee been found ® The possibdity cannot be lost 
sight of that there might well be discovered m certain vertebrates evidence 
of a third group of effects, m addition to those labelled as due to rods and 
to cones respectively, such as might for example be traceable to a distinct 
r61e of parafoveal cones, or of double or twm rods or cones in lower 
forms A distinct suggestion of this is given by our measurements with 
the newt Tnlurus^^ 

Our immediate interest, however, is not with the beanng of such in- 
formation upon the duplexity doctnne,” nor with ethological parallelisms 
between habits and visual performance m response to flicker The ele- 
ments of exatation mvolved in threshold or marginal response to flicker 
give evidence, in most vertebrates, that they form two groups or popula- 
tions This does not mean that the details of the form of the flicker con- 
tour are due to or that they measure properties of the penpheral retina 
The response is a reaction of the whole orgamsm, and there is every reason 
to beheve that the elements of excitation, whose effects are the basis of the 
measurements, are central nervous elements The initiation of their 
activities IS by way of their penpheral (retmal) representatives, and if these 
are of two or more categones there could well be corresponding groups of 

’ Crazier, off, and Zerrahn-Wolf, 1938-39, Crozier and Wolf, 1938-39 b 

® Crazier, 1937, Crazier, Wolf, and Zerrahn-Wolf, 1937-38 r, Crozier and Wolf, 
1938-39 a 

® Crazier, 1937, Crozier, AVolf, and Zerrahn-Wolf, 1937-38 b 
Crazier and W olf, 1939-40 b, c 

“ Crazier, V off, and Zenahn-lVoIf, 193S-39, Crozier and ll'olf, 1938 
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the central elements Where rods and cones are distmgmshable, the 
correlation with classes of elements concerned m the determination of the 
mdex response to flicker is likely to be useful But it is equally possible 
that instances should occur in which a composite flicker contour is ob 
tamed with an n-TMinfll having no detected histological duplexity of retinal 
constitution 

The chief utihty of further data upon the F log I curves of diverse am 
maU ifl to obtam a test of the generahty of the method of analysis of the 
composite contours Breeding experiments show pretty clearly^ that the 
rod and cone populations of effects, as we may for convemence contmue 
to label them, are mdependently determined Since the shape of the 
F log I curve is demonstrated to be a constitutional property of the or- 
ganism^* we can mquire as to the correlation of the properties of rod and 
cone effects m the different curves Thia can be done quantitatively m 
terms of the three parameters of the probabihty mtegral describmg each 
partial curve — the values of Fb^*., log Jun., and i — and of the degree 

of separation between the rod and cone curves 
Data on the teleost Fundulus heUrodtius were obtained with these 
purposes m mind, and also with the idea that it should be a form suitable 
for experiments seeking to modify the quantitative properties of the F log 
I curve While Fundulus has proved to be m some respects a difficult 
animal to work with, the measurements do give information upon some 
of the points m view 

n 

The general procedure followed exactly the outlines of that which we have followed 
with other organisms we have tested- An important feature of this technic is the main 
tcJisnce of the healthy condition of the individuals tested and their continued activity 
after habituation to laboratory conditkina and to the mampulatiODS involved in the tests 
From the standpomt of the observer Fundulus has been a rather more “difficult” nnimil 
to wodt with than certam other teleosts we have used- 

About 50 F kdcrocUius obtained from a dealer in Boston in September 1937 were 
kept m three tanka with Southern exposure, for 31 months They were maintained m 
fresh water, and tested in this medium When bought they ranged m length from 1 75 
to 3i) inches- They grew considerably in the laboratory, about twelve died 

For observation each Fundulus was first put mlo a separate Jar They were for some 
time hyperreactive to nearby movements- Each individual was tested in the apparatus, 
at a flash frequency of F — 15/sec- For the subsequent tests the ten most consistently 
reactive Individuals were selected At first the fishes were “restless * reacted to chance 

“ Croaicr, Wolf and Zenahn Wolf 1937, 1937-38 o, Croiler and Wolf, 193S-39 a 
** Wolf and Zerrahn Wolf 1935-36, Croiier Wolf, and Zerrahn Wolf, 1936-37 o 
1937-38 a, Crosier and Wolf, 1938-39 a 
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vibrabons, and scarcely came to rest after once bemg exposed to visual flicker After 
contmuance of the routme procedure for about a week— feeduig at a fixed Umc, trans- 
femng to observation jars, placmg m the thermostat for 2 hours’ dark adaptation, and 
transference to the apparatus for exposure to flicker— the behavior of these mdividuals 
became more stabilised The reactive state was found to be distmctly improved by 
keepmg the individual aguana m a room m which people were frequently moving about 

After bemg ‘Toroken m” m this way these fishes come to the surface of the water when 
the covers of their aquana are lifted and jump at offered food From this time onward 
they give, dunng tests of response to flicker, reactions which are as precise as those with 
any of the number of teleost species we have examined 

The test for critical flash Ulummation consists m exposing an individual m its aqua- 
rium, surrounded by a rotatmg striped cyhnder, to a gradually mcreased lUummation con- 
trolled by a manually operated diaphragm The speed of rotation of the stnped cylm- 
der determines the flash frequency of lUummation of any fixed pomt This speed is kept 
constant by observation of a sensitive voltmeter measunng the current produced by a 
suitable magneto geared to the shaft of the motor driving the cyhnder The motor 
speed can be controlled to a precision of 0 1 F/sec under the most unfavorable conditions 
of stnpe number on the cyhnder 

From cahbration curves giving the mtensity of lUummation at the position of the fish 
as a function of diaphragm opening, the lUummation which is achieved at the moment of 
the fish’s reaction to the movement of the encirclmg stnpe system is read 

The response of the animal consists in a suddenly aroused swimming motion m the 
direction of the movement of the stnpes This response appears sharply as soon as 
the mtensity of illumination (with F fixed) has been increased to the cntical level 
Backward swimmmg, observed more frequently with sunfishes, almost never occurs 
with Fundiihis Rarely, a Futtdulus directly facmg the waU of its container will 
"back off” a httle and then foUow the motion of the stnpes Should an mdividual 
already be in motion when the hght diaphragm is opened, the direction of its movement 
IS clearly altered when response to seen flashes occurs In most such cases tests were re- 
peated, and rcadmgs taken only when the fishes were quiet The jerky response at thresh- 
old I IS then unmistakable Observations at low lUummations were preceded by about 
1 hour of dark adaptation of the observer In general, the ease of judgment of the 
occurrence of a threshold response to flicker was less above F •= 25 than below This 
condition is different from that obtainmg with certain other forms It does not affect 
the quantitative behavior of the scatter of the readings of mean cntical intensities for 
the different mdividuals This scatter, here measured by PE r„ obeys precisely the 
same law as that which we have found to hold for other organisms 

Three readings of cntical lUummation were obtamed for each mdividual, in succession, 
at each fixed flash frequenej' Ten individuals were used throughout The mean of 
each set of three rcadmgs was taken as /i, the mean of the ten averages being recorded as 
T„ This IS the procedure we have consistcntlj employed m flicker resjxinsc observa- 
tions with lower organisms The reasons for it are discussed in our earlier papers The 
order of the levels of F selected was so arranged as to reveal an> timc-dnft in sensitivity 
of the animals used, or m the observer's appreciation of the movements constituting the 
mdex response of the fish The statistical exammafion of the records reveals no evidence 
that such effects are present m the data 

The measurements were made with Fundulus kept m fresh water The temperature 
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vns 21^ during the tests The flicker cycle used Involved equality of light tune and 
time {Il/Id “ 1) Supplementary tests at several appropriate flash frequenaes 
•were made with Fundulm Imng and exposed In sea water (These results are not en 
tered in Table I or m Fig 1) No differences in the properties of 7* •were detected for 
the two scries. 


TABLE 1 

Mean critical illuminations for reaction of Pundulus hderodiiia to flicker as a function 


of flash frequency, F/sec., computed as described In the text, with the measures of the 
dispersions of 7i Temperature ■■ 21^ C. Equality of light time and dark time in the 
flash cycle (Il/Id ~ 1 0) 


P/*oc. 

inU 

iofTSAn 

1 

? 9777 

8 6371 

2 

6 36QB 

5 9267 

3 

6 6883 

y 3516 

A 

6 6383 

y 2418 

S 

E 1623 

y 4788 

6 

E 4019 

S 0792 

7 

E 6668 

E 2250 

8 

i 0913 

S 5943 


jlesio 

E 2731 


U 6611 

B 9940 

10 

4 9268 

I 3890 

11 

5 3477 

5 9267 

12 

i 6807 

B 4501 

15 

S 1766 


17 5 

i 6161 

3 0390 

20 

S 8214 

3 3073 

25 

i 3664 

2 0881 

30 

i 8643 

2 4997 

35 

0 8610 

I 0633 

40 

0 6716 

2 9972 

45 

|l 1861 

I 3797 

\l 1X81 

I 3747 

48 

1 <746 

I 6910 

50 

1 8836 

0 2151 

52 

X 2666 

0 1230 


in 

The data secured by the procedure outlined in section H are suiomanzed 
m Table I 

When log 7* is examined as a function of P it is seen to have the general 
form of the curve obtained with other fishes we have tested The curve 
(Fig 1) IS a double 5-shaped affair, but the slope of its greater part does 
not superfiaally have exactly the properties previously encountered The 
analysis of this situation confirms In a rather striking way the vahdity of 









Fig 1 The flicker response contour for Fmdulus hdcrochlus, log vs F at 21 5°, 
1 fresh water, with equality of light time and dark time m the flash cycle Data in 
bl 


Lnncacanlhu^ 


Fig 2 Analysis of the Aider response cur\'cs for Fundulus and for the sunfish 
ncacantlus^ under the same conditions In each case the composite curs'e is re- 
hable into Uio parts the rod portion at lower intensities, falling ofT as higher in- 
nsities arc required, and the cone part These parts scparatch adhere to probabiht> 
tegrals (Figs 3 and 4) The rod part is large \ ith Ftindidus, and distorts the cun'c 
a comparatn eh extreme wa\ The cone curv c for Fundulus most ncarl> approaches 
at for Errcacat U is among the forms studied The independence of rod and cone 
mtnbutions is made ceident bv the fact that their properties \ar> quite independent^ 
the different animals whose flicker response cumes have been determined 
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the analytical method we have used for the descnpUon of the vanous 
flicker response curves which have been measured Among the known 
curves of this kind the graph for FundtUtts provides a case which is impor- 
tant because of its rather extreme character 
The flicker response contours of a vanety of animals have been described 
with high fidehty by means of probabihty mtegrals 


5 - 


d log /, 


•where is the intensity at the mfleetjon point of the curve For the 
turtle P sen demy -which has retinal elements of one type only (cones), 
such a curve adequately fits the data from end to end of the intensity scale 
With arthropods such as Apis^^ and Anax (larva)** the gross morphology 
of the optic surface mtroduces comphcations -which ha-ve been resolved by 
other experiments “ The reasons for the apphcabihty of a probabihty 
integral are connected -with the mterpretation of response to visual flicker 
as a limiting case of the discrmunation of mtensities *• The inclusive theory 
of mtensive diacmnination,*’ which embraces sensonal phenomena of 
tension/* superficial pressure/* and auditoiy** response, and presumably 
other kinds of sensory phenomena, appears to require that the discnmina 
tiOE of mtensi-ve effects involves essentially the statistical comparison of 
populations of elementary resultants for which the compared mtensities 
are respecti-vely responsible 


The flideer response curves for one organism, man, have been fitted bv metna of 
equations derived from the theory that the quantitative properties of such measure- 
ments ere governed by the photochemistry of the retma.® The resdUng equations do 
not describe the data as well as probabUity Integrals do, and the properties of their 
parameters as revealed In appropriate additional experiments are mconsistcnt -with the 
facts,* * The tc^>onses -which are the basis of the measurements mvolved are reactions 
of the organism as a whole. The assumption that they are governed by the state of the 
pcnpheial retina la unnecessary, and m certam crucial cases’ can be shown to be inadmis- 
sible The equation derived on the basis of an immediate reflection of retinal events 
appears to give a reasonable descnption of the data for the human observer because it Is 
formally identical with a lo^tic in log / ® the latter cannot usually be separated by 


** Crotier, Wolf and Zerrahn Wolf, 1937-38 c 
Crosier, Wolf and Zerrahn Wolf 1937-38 e 
I’Croner 1935 1935-36 
Croiler, 1936, Crozier and Holway, 1938 
Croner and Holway, 1937 Holway and Croiier 1937 c 
*• Holway and Croner 1937 o, 6 

" Croncr and Holway 1937 Upton and Crosier, 1936, Holway and Hurvich, 1937 
** Croiier, Wolf, and Zerrahn Wolf, 1936-37 c. 
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cuTV'e fitting from a probability mtegral (m log 7) except vntbin 2 per cent or so distance 
of the as 3 Tnptotes For other organisms the assumptions undcrhnng the dcniation of 
the photostationarj' state equation, as applied to its adjustment to the obser\-ations, 
become unreasonable ® The retmal theory' of the control of the properties of the flicker 
curv e m addition fails to give a satisfactoiy account of the composition of the duplex 
cun'c for most vertebrates,® “ whereas the analj'sis by probabilitj integrals docs ’ ® 

Among lower forms thus far examined, the flicker response cun^c of 
Fwidulus IS comparatively extreme At one end of the series we have the 
turtle Pseudcviys,’ for which the curve is a simple probabihty integral 
without complicabon This is correlated with the absence of retinal rods 
The presence of double or twin cones does not involve or lead to the activity 
of more than one detectable population of sensory effects Several tclc- 
osts,^ possessing retinal rods, exhibit increasing degrees of prominence of a 
subsidiarj'’ population of effects at lower intensities The nsing curve of 
these (rod) effects is also well fitted by a probabihty integral By sub- 
traction of the ordinates of the larger curx'^e attributed to the exclusive 
r61e of retinal cones a curx'^e of "decay of effect due to rods” is obtained, it 
is a reversed probabihty integral ® The contnbution due to the participa- 
tion of rod-connected elements concerned with response to flicker declines 
systematically, and in terms of a population of excitable elements, as the 
cntical intensity for threshold total effect mcreases 

For the newt Triturus^° and for mafF the rod contribution curve (of 
different magmtude in the two cases) so to speak, sits upon the lower end 
of the cone curx^e 

In all of these cases the resolution of the duplex curv'e is obtained quanti- 
tatively on the basis that the fundamental function for each of the two 
groups or populations of effective elements is desenbed as a probability 
summation 

The curxe for Fwidulus (Fig 1) requires a comparatively considerable 
enlargement of the rod-controlled contnbution to the total obserx^able 
flicker sensitmt} The rod contnbution also continues to be exndent at 
higher intensities than with fishes earlier tested This results in a ver>' 
marked distortion of the cun'e in the region where presumptive cone effects 
are dominant The uppermost part of the data is, hors ever, very accu- 
rateU fitted bx a probabihtj mtegral (Figs 2 and 3) So also is the lower- 
most nsmg portion For other fishes thus far tested the entrance of the 
effects due to cones produces a distinct "bump” on the composite graph * 
With Fwidulus the junction is on the flat region of maximum F for the rods, 
and IS not perceptible as a distinct irregulantj 

The difference between the curves for Fwidulus and for other tcleosts is 
strikingly shown m Fig 2 Companson is there made with the observa- 
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tioES on the sunfish Enneacanthas,'^ at the same temperature. The cone 
curve for Enneacanthui most closely approaches that for Fundulus, among 
the others available The contrast in the character of the rod contributions 



a T 0 1 a 

/ogl 

Fio 3 The cone portaons of the flicker rcqKjnsc curve* for several teleoets* are com- 
pared upon a probabiUty gn<L For Punduluj (F ) only the uppcnncut 40 per cent of 
the F range is described by a probability integral, for the others the degree of over 
lappmg with the rod contribution is less extensive so that with JEnneacanikus (£.) some 
80 per cent of the F range Is uncompheated The lino drawn have been extrapolated 
to give (Fig 2) a means of dissecting the composite graph mlo rod and cone contnbu 
tions. (In ail c avs temperature ■■ 21^ and ti,/tb ■■ 1 ) F , FwTtduiur, Emteacan 
tftus X Xipkopkorus, P , FUitypoecilius The vaiac* of F_.,, are F,54^,F,S21, 
X, 431, 461 

13 pronounced Each of the duplex curves has been analysed (Fig 2) by 
the procedure used for other forms The result is given m Fig 2 The 
ascending and descending rod curves and the cone curve are calculated 
probability mtegrals The degree of adherence of the data to the corre- 
spondmg equations is adequately shown by the graphs m Figs. 3 and 4 

“Wolf and ZcrTahnWolf, 1935-36 Cromer, Wolf, and Zenrahn WoU, 1936-37 a 
c,d 1937-38 d 
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The parameters of the probabihty integral are rationally related to (1) 
the genetic composition of the anunal,® (2) the temperature/ and (3) tlic 
proportion of light tune m the flash cyde^* (/^/(/i + to)) They are there- 
fore proper mdices of the properties of the flicker contour For log vs 
F these parameters differ in a charactenstic way from one ammal to another 
(Figs 3 and 4) It is natural to inquire if correlations can be established 
between parameters of the rod and cone functions This might well be a 



Fig 4 The rising rod curves, F vs log for the tcleosts considered in Fig 3 arc 
shown to be nelJ desenbed by probability integrals The comparatively large size of 
the Fimdulus cur\ e (F ) permits a more precise test than nith the cun'cs of other fishes 
The declining cun'cs, at the right, arc the difference curves as in Fig 2, the plotted 
points were read from these cunes 

matter of some interest for interpretive etholog)" Apparently, however, 
no sudi correlations obtain This is consistent mth the independent 
beha\uor of the two m a genetic e^enment ® 

rv 

The vanation of cntical intensity has a number of important aspects 
As shown in Fig 5, the scatter of /t, measured by the dispersion of the ten 
mean \alucs of T at each F and computed as P E obeys precisely the 

Crozier, olf, and Zerrahn-tA off, 1937-38 d,e 
f Crozicr, 1935, 1935-36, 1936, Crozicr, Wolf, and Zerrahn-W off, 1936-37fl, b, 

1957-3S o 





Fio 5 The vitittioa (erj) of cntical intensity (f i) for response to flicker (Table I) 
1 * a rectUmcar function of /«, with a dope of 1 Beyond a certain intensity (log /* — 
Oil) ft new ongm must be taken^ so that the plot 'breaks’ at this poinL Tim Is the 
mtensa^ at which the deefinmg rod auve approaches the log 1 axis (Fig 2) Above 
this intensity only cone eflects are concerned- 

portion to Z« but -with a new ongm ** The break has been correlated with 
the disappearance of rod contributions to the detemunation of the re- 
sponse ** It will be observed that the break occurs with Fundulus at log 
I« •= 0-5 This IS precisely the level of intensity at which (Fig 3) the 
declining rod contribution curve is required to fuse asyinptoticall> with the 
abscissa axis This constitutes an mdependent test of the analysis 
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Table 11 contains a summary of the correspondmg facts for other atumals 
The correlation is precise, as m each mstance, the break in the plot of log 
PE/j comes exactly a httle above the disappearance of imputed rod 
effect on the composite i^-Iog I curve This simply cannot be a matter of 
error due to the use of the mstrument producmg flicker, which was the 
same m all cases Three animals which do not show retmal duplexity, 

TABLE n 

lvalues of log at wlucli a break occurs m the graph of r/, vs log in the flicker 
response data of vanous animals ® In each case there is correspondence with the mten- 
sit3^ be3'ond which cone-onginating effects are exclusivel3^ mvolved m the determination 
of the critical illumination for response, as shown by the suppression of the contnbution 
from rods requured to give a quantitative dissection of the composite graph With three 
forms (bee, Aiiax larva, the turtle Pseitdemys) there is mvolved only u/ie class of retinal 
elements, and no break m the <r/, vs log !„ curve is detectable although the range of 
mtensities covered is the same for all forms Thus the break cannot be attributed to 
“experimental errors” and their rdle m contnbutmg to a;, but is a specific resultant of 
the fact that the measured vanation of cntical mtensity is primarily an mdex of the 
vanabihty of the reacting organism 


Animal 

log I at the break 

Fundtdus 


0 5 

Plalypouihus 

0 0 

XtpJwphonts 

i 0 

Hybnd of X and P j 

0 0- 

Enneacanlltus I 

1 0 

Rana 


3 5 

Trtiurus 


0 3 

Man 


2 7,2 8 

Apts ] 



Aiw* larva 



Pseudmys 



Gecko 




Aiiax, Fseiidemys, and SpJtaerodactylus, show no break m the graphs of 
log P E /I log although covenng the whole range of measured m- 
tensities These facts are obviously consistent with the view that the 
vanation measured is a property of the reactmg organisms, and is not 
an expression of mampulative “error ” 


V 

The retma of FwMus has been descnbed as exhibitmg a regional differ- 
entiation mto a dorsal part (70 per cent of the total) contammg rods and 


Crozaer and Holway, 1938 





W J CROnEE AND ERNST WOLT 


689 


two types of cones (one type with an oH globule), and a ventral portion 
with rods and one type of cone (small, and lacking oil globule) “ The rods 
are about twice as numerous as the cones This might correspond to the 
large share taken by the rod function m the composite flicker contour 
(Fig 2), but for the fact that data on Rana and other forms show that no 
quantitative ratio of this kind can be relied upon So far as the data on 
reaction to flashes go, the several kinds of cones described by Butcher” 
form parts of a unified population If, as Butcher’s observations suggest, 
the dorsal cones with oil globule are concerned with chromatophore response 
to backgrounds, they, of course, might not be chiefly impheated in flicker 
effects at all The horizontal direction of the hght responsible for flashes 
In our experiments should result m eqmvalent flluinination of dorsal and 
ventral halves of the retina. 

The temptabon is always great to stress one tcwine correlations between 
rods and cones and duplexity of visual function The correlation has 
pitfaUs The effects measured are not immediately retinal The presence 
of two chief kinds of retinal sensory cells Is suggestive m connection with a 
double P log I curve, particularly when animals with no rods or no cones 
have a simple curve But it cannot be assumed that the presence of two 
histological kmds of cones wiH necessarily signify a further subdivision of 
the classes of central nervous elements responsible for a given particular 
type of response 

VI 

When the P log f. curve for a given animal is determmed at various 
temperatures of the organism it is found that the maximum to which the 
curve rises is not changed For each change of temperature the curve is 
simply moved to a different position on the log I ans, without change of 
shape ” The shift is such that for a vertebrate whose curve exhibits two 
distinct sections the temperature characteristics for change in position are 
the same for the two parts For fixed F we find that l/7„ is related to 
temperature, withm the range where free reversibUity of effect is obtam 
able, by the Arrhemus equation,” hence (with the support of other relevant 
considerations) we may assume that l/I^ behaves as if controlled by the 
velocity of an underlying system of chemical changes In which one or 
another catalytic link may be the pace makmg step 

The question thus arises os to whether it is possible to deade if the 

*• Butcher, 1938 

” Croiier, 19011, md Zertahn Wolf, 1936.47 c, i, 1938-39, Croiier and Wolf, 1938- 
39 c 
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chemical change appealed to is directly responsible for the obedience of 
l//m to the Arrhemus equation, or whether it does so by secondary control 
of the number of effective available units or neural elements Since 
Fjnnx IS not affected, it must be decided that the total number of 
available neural elements is not the factor mfluenced by temperature 
It IS well known that by exposmg certam organisms to suffiaently high 
temperatures, above a “cntical temperature” (or above the mislabelled 
“optimum” in ordinary expenments) for a sufl&cient time, one may produce 
changes which are only slowly reversible (“mjury” and the hke) If such 
changes are produced m the flicker response contour of a vertebrate, we 
may obtain information as to whether (1) the total number of neural 
elements available for discnmmation of flicker has then been affected, or 
(2) whether a chemical system common to all these elements has been 
altered in a persistent way, and thus (3) whether this system is different 
in the rod and cone populations of elements We already know^^ that the 
differmg shapes of the rod and cone segments of the /^-log I contour cannot 
be regarded as signifying the operation of chemically different S 3 rstems m 
the respective elements The effect of a durable modification of the 
F-log I curve by heat treatment shows that the “rod” and “cone” elements 
m Fundulus cannot be differentiated by this means 
For such an experiment Fundulus has pecuhar advantages Its F-log I 
curve IS exceptional m the large contnbution made by presumptive rod- 
excited elements It is known that with Fundulus by careful adaptation 
to supranormal temperatures persistmg physiological alterations may be 
mduced We find that by exposure of wmter-caught F heterochtus to 
25-27° for 4 days the F-log I curve of mdividuals then kept for a week 
or longer at 21 5° has been “permanently” shifted in the direction of lower 
mtensities, so that, although measured at 21 5°, its position relative to 
that for the unheated individuals is still the one expected for normal am- 
mals at 25-27° 

As Fig 6 demonstrates, the mduced shift m the curve shows no change 
m Fmftx , and no change m shape The rod part is displaced to the same 
extent as the cone, and its maximum is likewise unaffected Therefore 
It cannot be mamtained that the number of neural elements available for 
recogmtion of flicker has been affected Smce this number is clearly a 
function of penpheral sensory area mvolved,®® and is also appropnately 

28 Crozier, 1939, Crozier and Wolf, 1939 a, b, 1939-40 a 
28Loeb, 1913, Loeb and Wasteneys, 1912, Crozier, 1919 
88 Crozier, Wolf, and Zerrahn-Wolf, 1937-38 c 
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related to the proportiou of light tune m a flash cycle,*^ it must be admitted 
to be a sensitive mdex- The peraistmg change rcsultmg from exposure to 
supranonnal temperature must be conceived as governed by an enduring 
change in the chemical system r^ulating the exatabihty of all these 



Fro 6 Mean critical Intenaity (/„) as a fimcbon of flash frequency for Fundulus 
hderodtHa means of three observations on. each of eight individuals at all points, at 
21*5® C , with a flash cycle having equal durations of light and darkness* The **hcat 
exposed ' senes, measured after exposure to 25-27* for 4 days the *^onnaI senes," 
and the ‘normal controls, ’ were not exposed to temperature* above that of the room 
Duplications of points (ahoim by tags when overlapping) are based on repetitions of 
the expenment with another lot of ten individuals. The same curve Is drawn for both 
sets of measurements with displacement by 0 16 log units to the left for the heat 
exposed scries. 

neural elements The analysis of duplex flicker contours has shown that 
m the region of overlapping of rod and cone effects there is mvolved a 
declining rod contribution, the Fundulus curve is Important because of the 
prominence of this feature, and the absence of any change m the form of 
the curve for the heat-exposed mdividuals shows that the "decay curve" 
for the presumptive rod contnbution is likewise unaffected as to its shape 

Croner Wolf and Zerrahn Wolf, 1937-58 c d 
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The varuibihl'f^ of cntical intensity is preasely the same function of the 
mtensity as with normal Fundtdus (Fig 7) 

The shift m the curve can- 
not be explamed by enlarge- 
ment of the ms aperture, as 
result of the exposure, smce di- 
rect observation of these am- 
mals m a thermostat shows 
that no measurable change is 
produced In the mtact fish 
the ms diameter is independent 
of temperature (12-28°) and of 
dlummation Moreover, en- 
largement of the ms might not 
raise the curve vertically, nor 
shift it to the left (Fig 6) It 
IS not reasonable to suppose 
that the ocular media become 
persistently more transparent 
with heat treatment, any effect 
IS more likely to be m the di- 
rection of mcreased opacity, if anything Most of our heat-treated mdivid- 
uals died m about 2 weeks after return to room temperature, one was ahve 
after 4 weeks After a week at 21°, cntical mtensity determmations with 
previously heated Fwidtilus slowly drifted after 10 to 14 days up to the levels 
obtamed before exposure to 27°, showmg that the effect is reversible 

vn 

SUMMARY 

After Fiindidus lieterodttus have been for some time m the laboratory, 
under conditions favorable for growth, and after habituation of the 
fishes to the simple routme mampulations of the observational procedure 
required, they are found to give reproduable values of the mean cntical 
flash lUummation (/„) resultmg m response to visual flicker The measure- 
ments were made with equality of hght time and dark time m the flash 
cycle, at 21 5°C 

Log /m as a fimction of flash frequency F has the same general form as 

Crazier, 1936, 1935-36, Upton and Crazier, 1936, Crozier and Holway, 1937, 
1938-39 



Fig 7 The dispersion of the individual de- 
terminations of /i, as a function of 7m, is identi- 
cal for the normal and the heat-exposed senes of 
Fttndtthis, Up to Jm ^ antdog 0 5, the vanation 
and the mean are directly proportional 
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that obtained with other fishes tested, and for vertebrates typically the 
curve 13 a drawn-out S, with a second inflection at the low I end 
In details, however, the curve is somewhat extrelne Its composite 
form 13 readily resolved into the two usual parts Each of these expresses 
a contribution m which log I, as a function of F, is accurately expressed 
by taking F as the summation (mtegral) of a probabflity distribution of 
d log I, as for the flicker response contour of other animals 
As cntical mtensity I mcreases, the contribubon of rod elements gradu 
ally fades out, this decay also adheres to a probabflity integral 
The rod contribubon seen m the curve for Fundulus is larger, absolutely 
and relatively to that from the cones, than that found with a number of 
other vertebrates The addibve overlappmg of the rod and cone effects 
therefore produces a comparabvely extreme distortion of the resultmg 
F-log I curve 

The F log curve is shifted to lower mtensibes as result of previous 
exposure to supranormal temperatures This effect is only very slowly 
reversible The value of F—. for each of the components of the duplex 
curve remains unaffected The rod and cone s^ments are shifted to the 
same extent The persisbng mcrease of exatabflity thus fails to reveal 
any chemical or other differenbabon of the eiatabflity mechanism m the 
two groups of elements 

Certam bearmgs of the data upon the theory of the flicker response 
contour are discussed, with reference to the measurements of vanahon of 
enbeal mtensity and to the form of the F-log I curve The quanbtabve 
properbes of the data accord with the theory derived from earUer observa- 
bons on other forms 

We again wish to thank Dr Gertrud Zerrahn Wolf for her coUaborabon 
m the observabons 
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THE PURIFICATION OF CATHEPSIN ' 

Bt M L. ANSON I i 

(From tke LabanUmu of The Rockefeller Instiiuie for Medical Research, Pnncelon, ' 

Nese Jersey) ' > 

(Rccrived for publication, February 23, 1940) 

r/te Calhepssn System — Extracts of animal tissues contain a proteoI}rtic i ' 

system ■whidi is active at pH 3 5 This system consists of a protemase * 

part called “cathepsm” which mitiates the digestion of protem, and a , | 

peptidase part which carries the digestion further The activity of the , 

tissue peptidase can be increased by cysteme and abolished by lodoacebc ' 

aad The activity of the tissue proteinase, however, is not affected by I 

these reagents (Anson, 1937) To estimate the protemase alone denatured 
hemoglobm is digested for a short time and to a shght extent at pH 3 5, 
the undigested protein is preapitated by dilute (0 19 n) tnchloracebc sad, * 

and the unpreapitated digestion products are estimated by the color they 1 

give with the phenol reagent (Anson, 1937, 1938) i 

Fruton and Bergmann (1939) have now found synthetic peptide sub I 

strates for two different tissue enzymes One of these enzymes is activated 
by cysteme, the other is not. 1 

The Function of Calhepssn — Cathepsm is the only protemase known to ' 

be present m anim al cells and imicellular organisms generally Those 
cells which are particularly active in the synthesis of protemz are par- 
ticularly nch ra cathepsm The optimum pH for the digestion of proteins 
by tissue cathepsm is 3 5, whereas Uving tissues are much more alkalme 
There is, at present, no direct evidence concemmg the function of cathepsm ' 

in hvmg cdls The most likely hypothesis is that cathepsm catalyzes the j 

synthesis of cellular proteins 

Crude extracts of animal tissue which contain a mixture of proteolytic j 

enzymes carry the digestion of protem very far It would hardly be ex j 

pected that such extensive breakdown could be reversed »» vitro Thus, j 

the first step m experiments on in vitro synthesis of protem is the preparation ] 

of cathepsm as free from other proteolytic enzymes as possible 
The Punjicalton of Cathepsm — ^This paper describes the purification of ' 

cathepsm extracted from beef spleen 1 mg of the protein m the purified j 

preparation has the same activity as the extract of 1 3 gm of spleen Some ' 
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inert protein is first destroyed by autolysis More inert protem is removed 
by adsorption first by spleen matenal and then by alnnunum hydroxide 
Finally, the cathepsin and most of the remaimng mert protein is precipitated 
from a veiy dilute solution by tungstic acid The tungstic aad preapitate 
of cathepsm is stable m the cold 

The specific activity of the protem preapitated by tungstic acid can be 
mcreased at least 8 times by extraction of the tungstic aad precipitate with 
banum hydroxide plus banum chlonde and by the apphcation to this ex- 
tract of further procedures which have not yet been standardized and so 
will not be described m this paper 

Punfied cathepsm is not inactivated when exposed to 0 01 m lodoacet- 
anude for an hour at pH 8 0 and at 25°C When added to gelatm at pH 3 5 
m the presence of cysteme it does not cause a detectable mcrease m the 
formol titration The experiments with gelatin were not carried out with 
the cathepsm preparation described m this paper 

TJie Starting Material — ^Beef spleen is used as a source of cathepsm 
because it is relatively nch m cathepsm and relatively cheap Even spleen, 
however, contams extremely httle protemase compared with speaahzed tis- 
sues such as exist m the stomach and pancreas Thus, the extract of 1 gm 
of beef spleen has 3 7 X 10~* hemoglobin umts of cathepsm activity whereas 
the extract of 1 gm of pig stomach fundus mucosa has 5 X 10“^ hemoglobm 
umts of pepsm activity 

T/te Purification Procedure — ^The foUowmg outhne of the procedure used 
for the purification of cathepsm states in a general way what the vanous 
steps are, what they accomphsh, and m what way they are of general mterest 
for the methodology of the purification of tissue protems Detailed direc- 
tions are given m the experimental part 

1 Frozen beef spleen is thawed and suspended m water for a day Dur- 
mg this procedure some autolysis takes place About half the mtrogen 
of the spleen is extracted and about half the mtrogen m the extract is 
protem mtrogen 

2 The suspension is 0 3 saturated with ammomum sulfate, aadified to 
green to brom cresol green, and heated to 45°C Extensive further autolysis 
takes place, denatured protem is preapitated, and the mass of msoluble 
material is clotted, which facihtates filtration The bulky mass of msoluble 
matenal adsorbs the cathepsm as well as practically all the unautolyzed 
other protem present When the aadified and heated spleen matenal is 
filtered most of the products of autolysis remam m the filtrate and are 
thus removed 

Cathepsm not adsorbed to msoluble spleen matenal is unstable at 45 C 
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in aad solution Thus the adsorption protects the cathepsin from destruc- 
tion under the conditions which bring about extensive autolysis Purified 
cathepsin not adsorbed to insoluble spleen matenal is soluble in 0 3 saturated 
anunomum sulfate Thus the adsorption also males possible the separa 
bon of cathepsm from spht products formed during autolysis 

3 The insoluble mass remaining after filtrabon of the aad autolysate 
IS made shghtly alkahne (red to phenol red) with a sodium hydroxide solu 
bon of the amphotenc aluminum hydroxide The aluminum hydroxide 
which 13 soluble only m strong alkah is preapitated agam at red to phenol 
red and helps with the filtrabon It is not present m suffiaently large 
amount to be important as an adsorbenb The msoluble spleen matenal 
which adsorbed all the cathepsm m the aad ammomum sulfate solubon 
no longer adsorbs cathepsm at red to phenol red and so after filtrabon 
the cathepsm is all obtamed in the filtrate Some mert protem, however, 
remains adsorbed to the msoluble spleen matenal and thus a punficahon as 
well as an extracfaon of the cathepsm is obtamed by the addibon of alkali 
If the suspension is made too alkahne less mert protem is removed If 
the solubon is made too aad some cathepsin is earned down with the 
precipitate 

4 Some mert protem m the alkahne filtrate and about 2S per cent of 
the cathepsm are removed by adsorpbon with alummum hydroxide at 
red to phenol red. If more than the recommended alummum hydroxide 
IS used or the pH is made less alkaline, more cathepsm is losb If the 
amount of alummum hydronde is decreased or the pH made more alkahne, 
less mert protem is removed and a product of lower specific acbvity ob- 
tamed This procedure, like most adsorpbons by hydroxide gels, is sensi 
bve to the exact condibons and so does not give completely reproduable 
results 

Instead of addmg previously prepared alummum hydroxide, as is usually 
done, alummum hydroxide m the procedure just desenbed is formed m 
the spleen extract by the addibon first of parbaUy neutrahxed aluminum 
chlonde and then of sodium hydroxide. Aluminum hydroxide formed 
m the extract removes much more mert protem than the same amount 
of alummum hydroxide prepared before bemg added to the extract Pre- 
sumably protem does not penetrate rapidly mto the mtenor of an alummum 
hydroxide gel 

5 The cathepsm and most of the remaining protem and a part of the 
protem spht products are precipitated by tungstic aad at green to brom 
cresol green At this pH the proteins are preapitated by tungsbc aad in 
the naUve form. When tungsbc aad is used to remove proteins ^ 
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cal work on protem-free filtrates, the protein is usually denatured as the 
result of the solution being made too aad So tungstic acid has m general 
not been used for preparative work Tungstic aad is chosen for the pre- 
cipitation of cathepsm despite the fact that it preapitates some of the 
protein spht products It is the only reagent I have found which wiU 
preapitate cathepsm even when the cathepsm is present m an extremely 
dilute solution contammg much more protem spht products than protem 
and which is cheap enough to be used for very large volumes of solutions 
The presence of tungstate, furthermore, is useful m the further purification 
of cathepsm with banum hydroxide 


TABLE I 

Piinficaitm of Cathepsm 



m uniU per 
gm spleen 

Hb units per 
mg protein N 

Hb units per 
mg tyrosine 
protein color 
value 

Hb units per 
mg tyrosine 
total color 
value 


X 

X m 

X m 

XilH 

Filtrate from autolyzed spleen sus- 

1 




pension 

37 

4 6 

11 8 

6 5 

Alkaline extract of aadified and heated 



1 


spleen 

18 


94 

17 5 

Alkaline extract punfied with Al(OH)j 

13 5 

114 

330 

22 

Tungstic aad preapitate of punfied 





extract 

12 



120 


Many techmques which are used m the fractionation of protems are not 
practical for large scale work with tissues Yet if many experiments are 
to be done on the punfication of an enz 3 me which is present m low concen- 
trations large scale work is necessary The procedure for the purification 
of cathepsm which has been outlmed permits one man to work up as much 
as 40 kilograms of spleen at a time with very simple apparatus and can also 
be apphed to small quantities of spleen 
Restilts — ^Table I gives a typical senes of results The first column shows 
the amount of protemase left at each step per gram of spleen starting 
matenal About half the loss of protemase is a purely mechanical loss 
due to the fact that m the alkalme extraction the preapitate is not washed 
The other columns give the activities per milligram protem mtrogen and 
per umt total and protem color value By protem is meant the matenal 
preapitated by 0 2 N tnchloracetic aad The protem content of the 
tungstic acid preapitate is not given because protem cannot be estimated 
m the presence of tungstic aad which preapitates protem spht products 
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The color value is the color given with the phenol reagent expressed as the 
number of miUigrams of tyrosine which give the same color The color 
value 18 easier to measure than the mtrogen value and it can be measured 
m the presence of ammomum sulfate Purification of the cathepsm changes 
the protem color value per milligram of protem mtrogen only ahghtly 
Although activity, mtrogen, and color values are given for the filtrate from 
the suspension of thawed spleen, m practice this suspension is not filtered 
but IB aadified and heated 

Noli on Maver^x Expmmenls — Maver (1939) digested denatured hemoglobm at pH 
3^ for 3 hours at 37®C. with a somewhat purged liver extract and measured by the 
KJcldahl method the amount of protdn predpiUted by tnchloracetrc acid both before 
and after digestion She found that the amount of protem changed into a non preapi- 
table form was increased 3^ times by the addition of cysteme and concluded that the 
proteinase, cathepsm Is activated by cysteine. The expcnmcntal conditions used by 
Maver differ m two important respects from the conditions used in my hemo^bin 
method. The tnchlotacetic add U 1 w Instead of 0 187 N and the digestion is earned on 
much longer and much further than m my ongmal operimentB 

The conditions used by Maver, apart from being inconvenient, are not suitable for 
the csbmatKm of proteinase in the presence of peptidase, I have found that for a given 
amount of dlgesdon the nitrogen content of the tnchk>racetic aad filtrate of a hemo- 
^ohm digest Is 1,5-3 0 tunes less when the tnchloracebc aad concentxation is 1 s tK*n 
when It is 0,2 R The exact difference depends on the extent and conditions of digestion ^ 
Hffler and Van Slyke (1922) showed 10 per cent trichbracetlc add preapitates 
somewhat more of ^tte’s peptone than 2,5 per cent tnchloracetic add. Thus under 
Maver’s conditions one estimates not onfy the Initial digestion of protein due to pro- 
teinase but also the further digestion of spHt products prcdpitable by concentrated but 
not by dilate trichloracetic aad which may be due to pepbdase. Secondly intheestlina 
tkn of proteinase it is not desirable to carry the digestion far since extensive digestion in 
trodoces complications due to the inhibition of protdnase by the products of digestion 
When the extent of digestion of protein is great the extent of digestion is no longer 
sensitive to the amount of eniymc used and an apparent activation of proteiiiasc may 
really be an activation of peptidases which digest spht product inhibitors. 

I have digested hemoglobm for 3 hours with a crude spleen extract, added tnchlor 
acetic aad filtered off the preapitate, and estimated by the KJddahl method the nitrogen 


^ 'Hiii observation suggests a method for preparing large spht products from proteins. 
If the protein b digested slighUy and the undi^sted protein b precipitated by 0 2 n 
tnchloracetic add and removed by filtration, then most of the material in the filtrate 
can be precipitated by the addition of more tnchloracetic aad. The exact concentration 
of tnchloracetic aad for maximum predpitation should be determined empmcaHj 
smee the amount preapitated decreases agam if the tnchloracetic aad is made too con 
centratfid 1 n trichloracetic add was used in the present experiments only betause it 
was by ilaver As digestion proceeds the fraction of the material in the filtrate 
proapiUblc by the addition of more tnchloracetic add becomes less. 
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content of the filtrate When a small amount of enzyme was used and the final concen- 
tration of trichloracetic acid was 0 2 N then the nitrogen content of the filtrate (corrected 
for the blank) was 1 22 tunes as great when cysteme was present dunng the digestion 
than when cysteme was not added When, however, 12 tunes as much enzyme was used 
and the final tnchloracetic acid concentration was 1 n then the filtrate contamed 1 54 
tunes more nitrogen if cysteme was present than if it was not (Table II) 

I do not know the reason for the small and unimportant cysteme effect obtamed even 
when the extent of digestion is small and dilute tnchloracetic acid is used There may 
be some machvation of cathepsm m the 3 hour digestion period used by Maver, which 
mactivation is mhibited by C3^teme I have already shown that such mactivation and 
mhibition can take place m more acid solution (Anson, 1937) There may be some <^a11 
salt effect such as can also be obtamed with ammonium sulfate In any case, there is no 
evidence that the small cysteme effect is due to activation of enzyme at all Enzymes 
of the papam type are usually almost completely mactivated by much handlmg and the 
cysteme effect is usually very great 


TABLE n 


of Cysletite oil Digestion of 100 Mg Hemoglobin 


Amount crude enryme 
used toT di^bon 
mg N 

Presence of cysteme 

Final nonnality of 
trichloracetic add 

Mg N in total 17 cc. tn 
chlOTacetic acid filtrate- 
corrected for blank 

0 068 

1 

1 

0 2 

0 86 

0 068 

+ 

0 2 

1 1 04 

12 X 0 068 

i ^ 

1 0 

2 7 

12 X 0 068 

' + 

1 0 

4 0 


The somewhat larger cysteme effect obtamed when, foUowmg Maver, extensive diges- 
tion and concentrated tnchloracetic aad are used is probably due to an activation of 
peptidase Tissue peptidase is activated by cysteine (Anson, 1937) and, as has already 
been pomted out, under Mayer’s conditions the hemoglobm-tnchloracetic acid method 
may well measure peptidase m addition to protemase 

The present experiments do not explam why Maver observed a 280 per cent mcrease 
m the mtrogen content of the tnchloracetic aad filtrate when I observed only a 54 per 
cent mcrease The two enzyme preparations were different and perhaps Mayer’s 
enzyme preparation did contam, as she concluded, a protemase actiTOted by cysteme 
In conclusion, when conditions are chosen under which protemase alone is measured, 
no large cysteme effect is observed even when a long digestion penod is used and the spht 
products are estimated by the Kjeldahl method The large cysteme effect reported by 
Maver cannot be accepted as an activation of protemase imtil it is shown that under 
Maver’s conditions only protemase is estrmated 

EXPERIMENTAL 

Eshmaiton of Cathepsin —Cathepsm is estimated as previously described (Anson, 
1938) The preparation of the hemoglobm substrate has, however, been modified by 
the treatment of the red blood corpuscles with toluol (Anson, 1939) It is necessary that 
the empmcal directions be followed rigorously if it is desmed to express the activities 
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measured in terms of the standard hemoglobin units. The foUowmg precautions should 
be taVen m preparing the reagents and carrying out the procedure 

The first steps In preparing the hemoglobin substrate consist m centnfugmg vrhippcd 
blood, mshing the red corpuscles with cold salt solution, and shaking the washed cor 
puscles with tohioL These steps should be earned out the same day the blood is ob- 
tained or, if this Is not possible, the blood should be promptly cooled to 0“C , kept at 
0“C , and worked up as soon as possible If much bacterial multiphcation takes place 
before the addition of toluol then split products are formed which arc not completely 
removed by dialysis and, m addibou, the substrate solution becomes contaminated with 
bacterial enxymes. 

After the corpuscles have been shaken with toluol and the suspension is filtered if 
there Is a layer of toluol over the filtrate the filtrate Is allowed to stand In a cylinder and 
the toluol 13 removed with a fine tipped syphon Large amounts of toluol arc not com 
pletely removed by the subsequent dialysis and toluol decreases the rate of digestion by 
cathepsm 

The dialyaed hemoglobin sohition la stored frozen m cardboard or aluminum con 
tamers. These containers should be moisture tight so that the concentration of hemo- 
globin does not change with tune. Wax paper should be placed between the covers of the 
containers and the containers and the joints on the bottom of the usual cardboard con 
tamers should be covered with patafBn 

When the hemoglobin solution is thawed for use only such an amount should be 
thawed as will be used in a week or two This thawed bemo^bm solution is stored at 
0-5®C EventuaDy bactenal growth sets In I have found no effective preservative 
which does not interfere with either the digestion or the colonmetric estimation of the 
products of digestion 

The dialyzed hemoglobin solution still contains a small amount of substances not pre- 
cipitable Trith trichloracetic aad which give a color with the phenol reagent. This blank 
IS measured from time to time by the method already described. If , as a result of bac 
tcnal action the blank Is hi^ or rising the hemoglobin should be rejected rather than any 
attempt made to conect for the blank- The blank of the hemogbbin substrate prepared 
by the present procedure changes only shghtly with storage of the hemoglobin until 
bactenal action finally sets In in the thawed solution 

After the hemo^bm has been partially digested by cathepain the undigested hemo- 
globm Is precipitated by the addition of 0-3 u trichloracetic add, the suspension Is 
filtered, and the filtrate Is made alkahne with 0,5 n sodium hydroxide It is important 
that the concentrations of tnchloracetic aad and sodium hydroxide be checked by titra 
tiou- Cotnmertaal sohd tnchloracetic aad contains varying amounts of water A 
filter paper such as Whatman's No 42 should be used which gives a clear filtrate and 
docs not adsorb split products. The cdor value of the filtrate, as measured with the 
phenol reagent, should bo the same as that of the supernatant solution obtamed if the 
trichloracetic add suspendon is centrifuged- 

To cheti the whole pioceduic the hemo^bin is digested with a standard cathepsm 
solution and the products of digestion estimated, A stock stable solution of cathepsin 
In 75 per cent glycerine is stored at 5*C. 1 cc. of this glycerine solution la removed with 
an Ostwald contam pipette and diluted to 15 cc. with water to give the standard solution 
used for digestion Different batches of hemoglobin are digested at the same rate by a 
given amount of cathepsin and the hemoglobm can be stored frozen for 6 months without 
any effect on the rate at which it is digested- 
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Eshmahon of Protein —The protein is precipitated by 0 2 n tnchloracetic acid out of a 
solution diluted to contain about 0 3 mg protem per cc When the solution contams 
much protem spht products it is necessary to leave the trichloracetic acid solution at the 
temperature of hot tap water for a few mmutes and then cool it to room temperature 
If the heatmg is omitted the precipitation of protem is very slow If the coohng to room 
temperature is omitted some of the protem remams dissolved 

To estimate the protem colonmetncally, a tnchloracetic acid precipitate contammg 
about 3 mg of protem is dissolved with 8 cc of 0 5 n sodium hydroxide and 7 cc of 
water The color is then developed with 3 cc of diluted phenol reagent as m the estuna- 
tion of cathepsm (Anson, 1938) In the cathepsm procedure more sodium hydroxide is 
used because of the tnchloracetic acid which has to be neutralized 

Pnnficalton Procedure — Beef spleen is ground and frozen m one poimd blocks at the 
slaughter house (Swift and Co , Chicago) and transported and stored frozen 

The frozen spleen is allowed to thaw m a cold room and then suspended m twice its 
weight of tap water and allowed to stand for at least 24 hours at room temperature with 
toluol (Eastman Practical) as a preservative For small scale work the spleen is sus- 
pended m an alummum milk pail (Sears Roebuck) For large scale work the spleen 
suspension is prepared m 60 hter alummum kettles (Wear-Ever Semi-Heavy Stock Pot) 
To each hter of suspension there are added 176 gm of ammonium sulfate and, after 
the salt IS dissolved, 70 cc of 1 n HCl Durmg the addition of the acid the suspension is 
stirred vigorously by hand with a large wooden paddle such as can be obtamed from 
hotel supply houses Mechanical stinrmg results m hard packmg of the msoluble spleen 
matenal 

The spleen suspension is heated to 45°C with the aid of an alummum coil through 
which 50-55°C water is passed A thermometer is mtroduced mto the system with a 
Y-shaped aluminum connectmg tube (Fischer Scientific Co , No 15-321B) the ther- 
mometer bemg attached with thick rubber tubmg The suspension is stirred with the 
wooden paddle durmg the heatmg It takes about 20 mmutes to heat 35-40 hters of 
suspension with a 40 foot coil The large kettle is covered with an alummum cover and 
with blankets to prevent rapid coohng and is allowed to stand overnight When a small 
amount of suspension is used it is transferred to a bottle which can be closed and is put 
away at 37°C 

The next mommg the suspension is filtered on 50 cm folded filter paper, the No 612 
sold m unfolded form by Eaton Dikerman Company, Mount Holly Sprmgs, Pennsyl- 
vama More suspension is poured on the papers when there is room, the final amount of 
suspension added to each funnel bemg about one and one-half times the amount needed 
to fill the funnel ongmally After the filtration is about complete but before the solid 
material has begun to crack, the funnels are filled with tap water made green to brom 
cresol green with HCl, covered with alummum covers (Sears Roebuck), and the filtration 
IS allowed to contmue overnight More extensive washmg is not possible without loss 
of cathepsm 

The next morning, the precipitates and the filter papers are stirred up vuth tap water, 
the total volume bemg that of the ongmal spleen suspension before the addition of salt 
and acid More toluol is added The suspension is brought to red to phenol red by 
addmg with sturmg a solution made up of 1 part 2 m AICI3 and 10 parts 1 N NaOH The 
suspension is stirred vigorously and more alkah is added as needed to keep the suspension 
red to phenol red 
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After the suspension has been at red to phenol red for 1 hour it is poured on the Urge 
folded filter papers covered and allovred to filter overnight, no additional suspension 
being added to each paper The precipitate is not washed although it occupies one third 
of the original volume Washing is slow and results in a product with bwer specific 
activity 

A partially neutrahxcd AICl* is made up by adding 1 N NaOH with mechanical 
stirring to an equal volume of 1 u AlCb 40 cc. of this product are added to each hter 
of alkaline filtrate 1 N NaOH is then added with mechanical stimng until the solution 
is red to phenol red and the Al(OH)i is filtered off with the aid of Hyflo Super-cel Qohns 
hlanvilk) and suction on monel metal Buchner funnels of 33 cm diameter (Louis 
Fuhro New York City) The filter cake is washed with water made red to phenol red 
with NaOH until the total volume of the filtrate a about the same as the suspension 
before filtration 

Smec the exact amount of Al(OH)i which gives considerable purification without too 
great loss of cathepsin is somewhat variable, it is safest, m large scale work, to find out by 
prdimmaiy eaepenments with samples how much Al(OH)i gives about 25 per cent loss of 
cathepsm 

To each hter of filtrate, which must be at room temperature and not cold, there are 
added 10 cc of 1 M technical sodium tungstate (Molybdenum Corporation of Amenca) 
and with mechanical stimng enough 1 N HG to make the solution green to brom crcsol 
green The suipensioa is allowed to stand 1 hour with occasional stirring More HG 
IS added if necessary to keep the solution green to brom cresol green The precipitate is 
filtered on large Buchner funnels with Hyfio Super-cel and is washed with 0 001 u 
tungstate made green to brom cresol green until the wash water gives the same sort of 
precipitate with a banom salt as the 0 OOi u tongsbe add solution alone When there 
IS sulfate stiff present it Is readily detected both by the ammmt and the charactcir of the 
preapitate 

Finally the filter cake is suspended m water to give a suspension couUunmg about 
0 01 hcmoglobm trmts of cathepsm per cc assuming all the cathepsin to have been pre- 
apitated from the solution to which tungstic acid was added Toluol u added as a 
preservative and the suspenskra is stored at 5 C or froien. 

Thi E^ed of lodoacdaptide on Cdkopnn — A tungstic add predpitate of purified 
cathepam is dissolved with sodium hydroxide. The final solution is red to phenol red 
and contains 2 X 10^ hcmoglobm umts of cathepsm per cc If the enthepsm is allowed 
to stand for 1 hour at 25^0 at red to phenol red m the presence of 0 01 M iodoacctamlde 
no mactivatkm takes place. 

Tkt Effect of CytUint on — ^Thc hemoglobin substrate is made up without 

ammonium sulfate by adding 1 cc of 1 35 u acetic aad to 4 cc of 2.5 per cent dialyxcd 
hcmoglobm prepared as already described (Anson, 1938, 1939) To 5 cc of this solution 
there is added either 0.5 cc of 0 2 u cyslcme HQ and 0 5 cc of 0 16 N NaOH or m the 
control experiment 1 cc of 0 1 N NaG. 1 cc of enxyme solution la then added and 
digestion a earned out for 3 hours at 37*C 10 cc of 0.34 n trichloracetic add are added 

to give a final concentration of 0 2 n or 10 cc of 1 7 N tnchloxacetic add to give a final 
concentration of 1 N The suqieiiaion is aUowed to stand 2 hours before filtration. This 
may be a longer period than is needed to complete the preapltation but if the filtration 
of the concentrated tnchloracctic aad suspension b earned out right awav a precipitate 
gradually forms in the filtrate The mtrogen content of 5 or 10 cc filtrate is measured 
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by the Kjeldahl method To measure the blank the substrate solution is left for 3 hours 
at 37°C and the enzyme is added after the trichloracetic acid 

The enzyme is prepared by dialyzing a filtrate of the suspension of thawed spleen 
already described as the first step of the purification procedure This crude preparation 
seems to be somewhat more active than the purified cathepsm used by Maver 
The results are shown m Table 11 


SUMMARY 

1 One mg of the purified cathepsm whose preparation is descnbed is 
as active as the exlract of 1 3 gm of spleen An eightfold further purifica- 
tion IS possible by procedures which are still bemg modified and so are not 
descnbed m the present paper 

2 The first step of the punfication consists in suspendmg frozen and 
thawed spleen in water and letting it autolyze 

3 In the second step, ammomum sulfate is added and the suspension 
IS acidified and warmed Much additional autolysis takes place The 
cathepsm is protected from destrucfaon by bemg adsorbed to the msoluble 
spleen matenal When this msoluble matenal is filtered off most of the 
products of autolysis remain m the filtrate 

4 The cathepsm is then released from the msoluble spleen matenal by 
making the suspension shghtly alkaline Some inert protem still remains 
adsorbed to the msoluble spleen matenal 

5 More inert protem is removed by adsorption with aluminum hydroxide 
formed m the cathepsm solution by the addition first of alummum chlonde 
and then of sodium hydroxide Preformed aluminum hydroxide is a much 
less effective adsorbent 

6 The punfied cathepsm is preapitated from very dilute solution with 
tungstic aad Tungstic aad preapitates most protems m the native form 
provided the solution is not too aad 

7 Further evidence is given that cathepsm is not a protemase of the 
papam type 
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THE PHOTODYNAMIC INACnVATION OF PHAGE PRECURSOR 
BY METHYLENE BLUE* 


Bv A. P KRUEGEE, E. J SCRIBNER, ai® T MECRACKEN 
{From the Dcparimenl of Badertole^fy, Umvemiy of Califomta, Berkeley) 

(Received for publication, April 13, 1940) 

It has been shown that phage-susceptible staphylococa grown under 
optimal conditions in oxygenated broth and subsequently brought to the 
resting state by storage in Lodee’a solution at 5° C , have the property 
of rapidly producing a marked increase in [phage] upon addition to phage 
(1, 2) This effect, confirmed by Northrop (3), has been ascribed to the 
presence m the activated staphylococci of a phage precursor which when 
brought mto contact with phage is autocatalybcally transformed mto 
phage (4) The mtracellular precursor is more labile than either the cells 
which produce it or the phage mto which it is converted (5, 6) For exam- 
ple, activated staphylococa can be made to lose their phage-augmenting 
capaaty by the following procedures (1) treatment with anti staphylococcal 
serum, (2) heating at 45® C for 20 minutes, (3) exposure to 1 X 10"< 
lodoacetic aad for 30 mmutes In all three cases the phage precursor 
content of the cells is destroyed before any measurable number of cell 
deaths has occurred as detenmned by plate counts The data we present 
here mdicate that similar inactivation of mtracellular precursor can be 
obtamed through the photodynamic action of methylene blue. 


Suspearions of activated staphylococa were prepared as described in an earlier paper 
(4) The organisms were concentrated by centrifugation and were resuspended in 
Locke s solution of pH 7 0 to give a density of 1 X 10^*bactena/inL 1 OmL of activated 
cell suspension was added to 1 0 ml of chemlcalb^ pure methylene blue of appropriate 
concentration dissolved in Locke s solntion The mixtures were exposed to strong light 
of 4000-8000 A innflnftfing from a 500 watt cold crash lamp 120 volts, type C, at a 
distance of 36 cm. from the end of the filament. During exposure the preparations were 
mamtalned at 5* C and at mtcrvals samples were removed for detenninatjon of viable 
cell content and for detection of residual phage precursor For the latter purpose 
aliquots were diluted to contain 5 X 10* bactena/mk and 4 0 mL of each sample were 
mixed With 1 0 mL of phage containing 1 X 10* activity umts/mL The phage-cdl 
mixtures were kept at 5* C. for 10 minutes to permit interaction of the residual precursor 

• Acknowledgment is made to the John and Mary R. Mackle Foundation for a 
generous grant-In-aid of research. 
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and the added phage After this interval dilutions were made for titration by the 
activity method (7), usmg three dilution checks for each unknown 

Expenmental controls included the foUowmg (1) Duphcates of each mixture kept 
in the dark at 5° C 

(2) Experiments to detect 

(o) Any possible effect on the titration system of the small concentrations of methy- 
lene blue present m the final dilutions of each unknown 

(b) Lethal action of the concentrations of methylene blue used on activated sta- 
phylococci 

(c) Possible inactivatmg effect of methylene blue on phage durmg the 10 mumte 
interval each mixture was kept 

(d) The effect of the hght alone on the precursor content and viabihty of activated 
cells 


TABLE I 

Pholodynamtc Iitacltvalion of InlracelUilar Phage Precursor hy Methylene Blue 


Activated staphylococci m Locke’s solution contammg 9 1 X 10~'^ M methylene blue 
exposed to strong hght Samples at mtervals tested for residual phage precursor and 
for [bacteria] Data represent averages of five consecutive experiments 


Molarity methylene 
blue 

Time of 
exposure 

[Phage] developed after adding exposed 
cells to phage 

[Phagela of mixture “ 2 X 10* P IT /ml 

(Bacteria) 
by plate count 

9 1 X 10-' u 

m$n 

0 

1 22 X 10»PU/ml 

7 0 X lOVmk 

9 1 X 10-^ u 

(Control) 

1 0 

1 5 X 

6 2 X lO'/ml 

9 1 X 10-’' M 

5 0 

1 4 X lO'PU/ml 

6 2 X lO'/m] 

9 1 X 10-’ u 

10 0 

1 32 X lO'PU/m] 

6 4 X lO'/nil 

9 1 X 10-’ M 

15 0 

1 25 X lO'PU/ml 

5 6 X lO'/ml 

9 1 X 10-’ M 

30 0 

4 8 X lOspU/ml 

5 8 X lOVmi 

9 1 X 10-’ u 

45 0 

3 6 X 10»PI7/ml 

7 2 X lOVml 

9 1 X 10-’ M 

60 0 

2 2 X lO^TV/ml 

5 7 X lOVml 


The control experiments were completely negative, that is, the concen- 
tration of methylene blue employed had no direct action on phage, no killing 
action on the bactena, no demonstrable effect on the titration system, nor 
did the mixtures kept m the dark show any macbvation of precursor 
Further, exposure of activated cells to the hght source did not result m 
precursor mactivation 

It is evident from the data summarized m Table I that POX 10~^ M 
methylene blue will mactivate the phage precursor m a suspension of acti- 
vated staphylococa contammg 5 X 10» bactena/ml exposed to hght of 
4000-8000 A without produemg cell death With [bactena] held constant 
this mactivatmg effect of methylene blue on phage precursor can be demon- 
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strated only over a very narrow range of methylene blue concentrations for 
relatively sbgbt mcreases m [methylene blue] begm to cause cell death 
If [methylene blue] is reduced appreaably the inactivntmg effect is lost 
1 0 ml of 9 1 X 10~’ u methylene blue contains about 5x10“ molecules 
The cell concentration used m the precursor mactivation expenments is 
5 X 10’ bacterm/ml Therefore there are available for each cell only 
1 X 10* molecules of dye assuming that all of it is taken up by the bactena 
If this ratio of 1 X 10* molecules of methylene blue/bactenum is mam tamed 
when [bactena] and [methvlene blue] are vaned, the photodynamic macti 
vabon of phage precursor occurs over a fairly wide concentrabon range of 
reactants without causing cell death 


TABLE n 

Expmmaits to Ddermtne Oit Readton Rts-ptmtibit for the Lai Phase of Photodynamic 
InacSitalion of Phaie Precursor by Methylene Blue 


S X 10* kctlnted b*ctcrU/mL h 9 1 X k 

acthjieac blao kept In tUrk. After 
ocked, pUnd hi uebt S min. uid tnUd for 
tprooffior) ud [boeterlil 

1 X lOt* actiratod b&cttria/m] ejjjjouI to nibt 

At totemb 1 mL tuni >}0 mUtd wu£ 1 mL mcuilcn* 
Mae to 9 1 X JO'tic. Hcpt to dark S into and tmt^ 

IOC Ipcocewr] and [baetoito] 

Pvfad 
opeooJ to 
BetlnrtoM 
blw faa ditk 

1 ftfte 

•cklai 4 bL can 
to 1 mL 

pCSaxto* 

nltipermU 

[Bulcrla] 

Period 1 

txpoMd to 
U^Koeae 
Uiyl^Ust} 

[PbMrl t/tcr 
amfiat 4 ml cdl 
tMPfttrioo to 1 bL 
piers OXIO* 
odupemL) 

PButcila] 

•do. 



mim 



5 

2 4 X 10* 

1 5 6 X 10» 

30 

2 1 X 10* 

6 4 X 10* 

15 

2 6 X 10» 





30 ' 

6 6 X 10* 

5 5 X 10* 

30 

2 1 X 10» 

6 1 X 10* 

45 

4 2 X 10» 





60 

2 5 X 10* 

4 6 X 10* 

60 

1 7 X 10* 

6 8 X 10* 


It will be noted (Table I) that the first 15 mmutes’ erqxisure of activated 
bacteria to methylene blue in the light does not brmg about any detectable 
reduction m the [precursor] To determine the mechanism mvolved m 
this lag phase of the inactivation curve, activated cell suspensions were 
treated as follows 

1 A miiture contammg 5X10’ activated bactena per mL and 9 1 X 10“' 
u methylene blue was placed in the dark and samples were removed from 
it at short mtervals. Each ahquot was placed m the light for 5 mmutes, 
then diluted 1 10 m Locke’s solution and tested for (a) precursor content, 
and (6) [bactena] 

2 A suspension contaimng 1 X lO” activated bactena/ml was exposed 
to the light source for penods up to 1 hour 1 ml samples were added to 
1 mL of 9 1 X 10“' M methylene blue and the murtnres were kept m the dneV 
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for 5 minutes before diluting 1 10 in Locke’s solution and testing for (a) 
precursor content, and (6) [bactena] 

The experunental results (Table II) mdicate that the lag phase represents 
tune consumed m a reaction taking place between the cells and methylene 
blue Whether the hmitmg factor is diffusion mto the cell, or a combina- 
tion of diffusion and chenucal action, the presence or absence of hght seems 
to have no mfluence on the rate When the primary reaction between the 
activated cells and methylene blue has gone to completion a relatively bnef 
exposure to hght wiU result in complete mactivation of the mtracellular 
phage precursor 


SUMMARY AND CONCLUSIONS 

Methylene blue added to suspensions of activated staphylococci in 
amounts suffiaent to furnish 1 X 10® molecules of dye/bactenum macti- 
vates the phage precursor content of the cells without causmg cell death 
when the mixtures are exposed to strong hght of 4000-8000 A There is a 
lag phase of approximately IS mmutes m the photodynamic mactivation 
of phage precursor by methylene blue This delay seems to be due to a 
primary reaction between the ceU and methylene blue after the completion 
of which exposure to hght brmgs about the mactivation of precursor qmte 
promptly 
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THE SENSIBILITY OF THE NOCTURNAL LONG-EARED OWL 
IN THE SPECTRUM 

Bt SEUG HECHT AMD ilAUHICE HEKM PIRENHE* 

(prom the Laboratory of Biapkyttci, Columbia Umfemly, New Port) 

(Received for publication, Marcii 28, 1940) 

I 

Nature of Problem 

In terms of the dupUaty theory (Schultee, 1866, von Knes, 1929, Pan 
naud, 1885) the vmon of nocturnal owls is considered homologous with our 
own vision at low light mtensities In fact, one of the ongmal Imes of 
evidence for Schultie’s formulation of the theory lay m the differences m 
retmal structure between night birds such as the owl and day birds such as 
the chicken According to Schultze the retmas of nocturnal birds consist 
predommantly of rods, whereas those of diumal burds are composed mainly 
of cones This histological differenhation has been amply confirmed 
(Rochon Duvigneaud, 1919, Vemer, 1939), even to the extent of findmg a 
large preponderance of rods m the lateral fovea of owls 
Later physiological work has emphasmed the homology of the owl’s 
vision with our own acotopic function Piper's (1905) measurements of the 
retinal potentials produced m owls’ eyes by different parts of the spectrum 
show a maximum response whose spectral position agrees not only with 
that of the maximum spectral senaibihty of our own eyes at low mtensitiea 
(Koenig and Ritter, 1891) but with the maximum hght absorbed by visual 
purple m the same spectrum (Trendelenburg, 1904) 

This whole picture of the owl’s vision was unwittmgly called mto quesbon 
by the report of Vanderplank (1934) that the nocturnal tawny owl, SInx 
aluco, IS not espeaally sensitive to radiataon m the visible portion of the 
spectrum, but is mainly responsive to infrared radiation Vanderplank 
estimates the spectral range of the owl as lying between 600 and 1500 mp, 
though he supposes this bird to be sensitive even to the far infrared 
The evidence presented by Vanderplank is direct and indirect The 
direct experiments are that infrared radiation which was mvistblc to him 
and produced no effect on the human ins, nevertheless caused a strong con 
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stnction of the owl’s pupil The indirect evidence is the abdity of the 
tawny owl to capture hving sparrows and mice m complete darkness, 
compared to its failure to secure these animals when they are dead Ac- 
cordmg to Vanderplank this speaks for the abihty of the owl to see these 
animals b)’’ the far mfrared eimtted by them m their capacity as heat 
radiators hloreover dead animals and horse meat which were not eaten 
m total darkness were easily eaten when lUummated by mfrared radiation 
It IS apparent that if the experiments of Vandeiplank are as reported, 
the visual system m the nocturnal owl is of a completely different kmd than 
heretofore recorded for vertebrates, and rather at vanance with what may 
be expected m terms of the structure of the eye and of the retma We 
therefore undertook to test this matter by studymg the sensibihty m the 
spectrum of a t}'pically nocturnal owl (the long-eared owl, Asza 2 vilsomafius) 
usmg as objective cn tenon the effect of hght on the size of the pupil 

n 

SeusibiUiy (o Infrared 

The experiments reported by Vanderplank require the owl’s eye to be 
sensitive (a) to the far infrared (near 9000 m/i) such as would be emitted 
by a black body radiator at a temperature of 40° C , and {b) to the near 
infrared such as is emitted by an ordmar}’’ tungsten mcandescent lamp 
Neither of these suppositions is correct, and the e^enments of Vanderplank 
must have mvolved senous errors 

The sensibihty of the tawny owl to the far infrared has been recently 
tested by Matthews and Matthews (1939) They found that the tawny 
owl’s eye which gave retmal potentials when exposed to ordmaiy hght, 
failed to show any potential when lUummated by the mfrared radiation 
from a black body at temperatures between 40° and 400° C Moreover, 
they demonstrated that the lens and vitreous humour of the eye are opaque 
to these radiations, as is to be expected from their high water content 
The long-eared owl, hke the tawny owl, is an essentially nocturnal bud 
We find that it is msensztive to the near mfrared This we established 
by exposmg the dark-adapted owl to a ground glass screen which was lUu- 
mmated by a 500 watt lamp through a Commg glass filter No 255 trans- 
mittmg no radiation below 730mfjc When the lamp was about a meter from 
the screen, and so produced a large surface of mtense mfrared radiation, 
we were unable to obseri^e any effect on the size of the pupd of the owl If 
mstead of the infrared filter we used the green Wratten filter No 74, the 
result was a powerful contraction of the pupil The precise apparatus will 
be described m the next section 
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By means of a thermopile and galvanometer -we measured the total 
energy transmitted (a) by Coming filter 255, and (b) by Wratten filter 74 
with the infrared removed by a combmation of copper sulfate solution and 
heat filter The mfrared transmitted by filter 255, which failed to produce 
any perceptible effect on the ins of the owl, contains about 5 X 10* times 
as much energy as the green hght transimtted by filter 74 when it produced 
an easily perceptible contraction of the ins 
We repeated these experiments with the green and the mfrared filters 
often enough and under a suffiaent vanety of conditions to be quite certam 
that the infrared produces no percepbble effect on the owl’s pupil We 
must conclude that Vanderplank’s experiments mvolved some other factors 
than infrared radiation Unfortunately Vanderplank gives no dcscnption 
of his apparatus, so that one cannot guess the origins of his aberrant results 
Havmg established the insensibility of the owl to mfrared hght, we felt 
that this datum would have more meaning if it were related to the sensibU 
ity of the owl's eye m the spectrum generally In addition it seemed 
desirable to determine the effectiveness of the spectrum in producing a 
pupillomotor response, because there does not exist any quantitatively 
adequate description of the owl’s sensibility in the spectrum which can be 
compared with modem determinations of the luminosity functions in the 
human eye (cf Hess, 1912) 


m 

Apparatus and Method 

The arrangement of the apparatus is illastrated m Fig 1 The crwl A sits on a rod 
in the wooden cage C, and is separated from the outside by a rectangular wire mesh B 
with openings 2 mches square- A Urge circular opening 2 feet m diameter m the front 
of the cage is covered with three layers of fine ground glass G Three sheets of ground 
glass arc used fn order to provide a large umfonnly illuminated surface. Two ruby 
lamps R covered with paper are outside the mesh and illuminate the owl so that its 
bn^t yellow ms is Just adequately visible to the observer whose eye is at 0 The owl 
is comparatively insensitive to red h^t and the illumination by the two ruby lamps 
furnishes little visual stimulus the resulting ins contraction Is practically minimal The 
pupn is large — nearly 1 cm. in diameter — and the ins may be seen as a fine bright band a 
fraction of a millimeter wide around the edge of the eye. 

The Illumination of the ground glass G b accomplished by the lamp L m the housing T 
For experiment* in the visible part of the spectrum L is a 2S0 watt projection lamp while 
for work. In the near infrared it is a similar 500 watt lamp Vanou* screens a nd filters 
are used to delimit the beam of light and to vary its intensity and color Hue. heat 
absorbing filter and F fa any filter neutral or colored, to control the color or Intensity 
of the transmitted light The whole assembly of lamp housing, screens, filters, and 
shutter 5 fa on a moving table which can be placed at different distances from the ground 
CUas screen 
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The hght intensity on the ground glass is vaned by decunal neutral filters for Ascrete 
steps, and by changing the distance of the lamp from the screen to produce a continuous 
gradation between the decimal steps 

For work with the infrared, Commg filter No 255 is used between the 500 watt lamp 
and the ground glass The color temperature of this lamp is about 3,000°K, its energy 
maxunum is therefore in the near infrared at about 1000 mp Smce filter 255 transmits 
only above 750 mp, most of the energy of the lamp passes the filter 

In the visible spectrum, different parts are isolated by Wratten monochromatic 
filters 70, 71A, 72, 73, 74, 75, and 76 Because these are gelatm filters, we use a Bausch 
and Lomb heat absorbmg filter between them and the lamp We cahbrated the Wratten 
filters and the heat absorbmg filter with Shlaer’s photoelectnc spectrophotometer 
(Shlaer, 1938) We also determmed the energy distribution m the spectrum of the 
250 watt lamp by measurmg its color temperature m companson with a lamp previously 
cahbrated for different color temperatures Usmg the transmission data for the filters 

and the energy distnbution of 
the lamp, we computed the 
relative energy transmitted by 
each of the Wratten filters m 
the spectrum m conjunction 
with the heat filter From this 
information we then deter- 
mmed the wavelength corre- 
spondmg to the center of the 
energy transmitted by each fil- 
ter combmation These are 
given later m Table I 

It might seem that this m- 
direct method of determining 
the relative energy transmitted 
by the vanous filters could be 
replaced by direct measurements with thermopile and galvanometer Our expenence, 
however, shows that it is difficult to ehmmate completely the infrared transmitted by 
these filters, and smce most of the lamp’s energy is m the mfrared, even the fraction 
which IS transmitted by heat filters looms large m companson with the energy m the 
particular part of the visible spectrum transmitted by a monochromatic filter 

The procedure m makmg the measurements is sunple First the owl is dark adapted 
for several hours Then, the ruby hghts are turned on, and the observer watches the 
ms of the eye It is much better to focus attention on the bnght though narrow ms 
band than on the much larger but darker pupd withm it When he feels certam of the 
size of the ms band, the observer signals for the openmg of the shutter and the consequent 
illurmnation of the ground glass The observer notes whether the ms band has changed 
m width as a result of the lUummation Dependmg on the response, the lamp is then 
brought nearer or farther, or a filter is put m or taken out The observations are repeated 
m this way until an mtensity is found which, when flashed suddenly on the ground ^ass 
screen, just produces a discermble mcrease m the width of the ms band that is, a 
decrease m the size of the pupil 



c B -c D 


Fig 1 Arrangement of apparatus The owl at 
A sees the ground glass G which is lUummated by 
hght from the lamp L after it has passed through 
vanous filters F for controlhng its mtensity and color 
Further details are m the text 
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We were pleasantly astonished at the precision which can be obtained by so simple a 
procedure, and therefore made no eflfort to measure the actual extent of the contraction 
of the Ins in any objective way The increase m width of the band which we could 
Ttcogniie with certainty is between 0 3 and 0 S mm. and this minimal increase was 
adhered to thnm^out the cipenmenta. 


IV 

Measuremmis 

We made all our measurements with one owl kmdly given us by Dr G 
K Noble of the Amencan Museum of Natural History The seven Wratten 


TABLE I 

Rdaihe Energy for Afimmol Ins Response tn Different Paris of Spetinun (£iii — 1) 


Wratten filter 

76 

75 

74 

73 

72 

71A 

70 

Central X 

451 

490 

513 

5J6 

631 

652 

6S3 

Rdatlve energy 

5 19 

1 86 

1 5fi 

5 89 

62 7 

463 4 

9863 0 


filters were tested m no speaai se 
quence, and a senes consisted m deter- 
mining the relative energy required 
with filter in order to produce the 
imnimum observable pupil contraction 
Over a penod of several weeks we 
made five such series of measurements, 
m which we alternated as observer and 
mampulator 

The data are m Table I where each 
value b the average of the five separate 
determinations. For convcmence the 
value of 1 18 assigned to the energy 
at 515 nyi which turns out to be the 
position of minimum energy as deter 
mined gr^hicaliy 

The measurements are plotted in 
Fig 2 as circles connected with a 
continuous line The ordinates ore 
the negative logarithms of the relative 
energies in Table I Loganthms are 
used m order to show the detmls more 
clearly in this wide range of energies, 



Fro 2. Spectral fensibflitics. The 
points connected with a continuous line 
are the average data of five senes of 
measurements with the owL The 
dotted lines represent the spectral sen 
sibihty curves of the bam an eye. The 
one at the left U at very low light in 
tensities and represents rod function, 
the one at the rif^t Is at high intensi- 
ties and represents cone function 
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n^ative logarithms are for mdicatmg the relative effectiveness of the 
spectrum 

It IS apparent that the owl is very msensitive to red hght The energy 
m the red at 683 m/z necessary for a minimal ins response is approximately 
10,000 times as great as that m the blue-green at 515 m;Li Extrapolation 
of the effectiveness cun^e m Fig 2 toward the infrared makes it easily 
understandable wh}^ a relative energy content of 5,000,000 is not sufficient 
to produce even a minimal iris response Thus, if one were to make a 
general statement about the owl’s vision m the mfrared, it would be the 
precise opposite of Vanderplank’s, namely, that the owl is extremely 
msensitive to infrared radiation 


v 

Spectral Lumiiiostly Curves 

The relative effectiveness curve m Fig 2 is essentially a spectral luminos- 
ity cur\^e (plotted logarithmically), smce like the human spectral lummosity 
curves it records the reaprocal of the relative energy required m different 
parts of the spectrum to produce the sama physiological eject 

It IS to be regretted that this pomt is occasionally not understood, and 
measurements are published which cannot be compared quantitatively 
with standard data Thus the practice of measunng the retmal potentials 
produced m an eye by a spectrum whose energy content is unknown (Piper, 
1905) or whose energ}’’ content has been equalized (Gramt and Mimsterh- 
jelm, 1937) yields data that cannot be compared with a visibihty curve 
or even with an absorption spectrum curve of visual purple For such 
compansons (cf Hecht, 1937) it is necessary to know the relative energy 
m different parts of the spectrum required to produce the same physiological 
eject, such as a constant motor response (Hecht, 1928) or a constant retmal 
potential (Graham and Riggs, 1935), or a constant number of optic nerve 
impulses (Graham and Harthne, 1935) or a constant amount of pupil 
contraction It is easy to be misled by the eqmvocal defimtion of the 
human lummosity curve as the relative brightness of an equal energy spec- 
trum, what this defimtion really means is the reaprocal of the energy m 
different parts of the spectrum reqmred to produce a mmunal or a constant 
visual bnghtness, not the relative bnghtness produced by a spectrum which 
IS actually equal m energy throughout 

Smce the data m Fig 2 fonn a spectral lummosity curve, they may be 
compared duectly with similar curves for the human eye These are shown 
as a background m Fig 2 m dotted hnes The one to the left is the lummos- 
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ity curve at low intensitiea and is from the data of Hecht and WflliamB 
(1922), confirmed by the later work of Sloan (1928) and of Weaver (1937) 
and represents the properbes of rod vision The one to the nght is the 
lummosity curv e at high mtensities from the work of Gibson and Tyndall 
(1923) and represents practically pure cone vision It is apparent that the 
measurements of the owl comade with the dun lummosity curve of the 
human eye well within the range of individual variation This confirms 
the rod nature of the owl’s vision at low int ensi fies and renders all the more 
secure the conclusion that it does not see m the dark by means of infrared 
radiation 


VI 

Thresholds 

There remains the problem which onginaHy actuated Vanderplank, 
namely, how nocturnal owls manage to catch then prey m the (to us) 
extremelv dun illuminations of the woods at night. In so far as this 
mvolves vision, it may be considered m terms of form discnmmation and 
brightness 

We determmed the brightness which produces the minimal effect on the 
ms of the owl With the No 74 (green) filter it is 1.5 X 10-* millilamberts 
The brightness was actually measured at a much higher value with a 
Macbeth lUummometer, and computed for the imnimal value m terms of 
lamp distance and decunal filter transmissions We also determmed 
with the same green filter and the same apparatus the minimum bnghtness 
which we ourselves could see after complete dark adaptation This is just 
about 4 0 X 10"’ millilamberts Thus the hght which produces a just 
perceptible ins contraction m the owl is nearlv 400 tunes more mtense than 
our absolute threshold 

The measurements of Reeves (1918) show that a minimal pupil contrac 
don of 0 5 mm m the human eye occurs at a light mtensity which is about 
1000 higher than the threshold Such a change m pupil corresponds to the 
minimum observed m the owl s eye Therefore, if the relation between 
pupil size and bnghtness m the owl is like that m our eye, the absolute 
threshold for the owl’s eye is about 1/1000 of 1 5 X 10"* millilamberts, or 
1.5 X 10"’ milhlamberts However, one cannot put too much rehance 
on a computation of this kmd, which may be off by a factor of 10 

A factor of 10 is much more important at low Hiuminations than at high, 
because visual acmty and form discnmination at low illuminations vary 
almost duectly with mtensity {cf Hecht, 1937) Thus, aH other things 
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being equal, if the owl’s absolute threshold is one-tenth of ours, its visual 
acuity will be ten times ours at an lUummation correspondmg to our abso- 
lute threshold In the illumination of the night woods this may give the 
owl enough form discmmnation to account for its behavior 

SUMMARY 

Infrared radiation (750-1500 va.fi) produces no iris contraction in the 
typically nocturnal long-eared owl even when the energy content is rrul- 
hons of times greater than that of green light which easily ehats a pupil 
change The energies m different parts of the visible spectrum requned 
for a mmunal iris response yield a spectral visibihty curve for the owl which 
is the same as the human visibihty curve at low hght mtensities Func- 
tionally, the owl’s vision thus corresponds to the predommantly rod struc- 
ture of its retma, and the idea that nocturnal owls have a speaal type of 
vision sensitive to infrared radiation for seemg m the woods at mght is 
erroneous 
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Solubility studies on many crystalline proteins have shown that even 
large molecules show solubihty behavior m general accord with that ex- 
pected for homogeneous substances from the phase rule Such studies m 
the case of the crystalhne hemoglobins and enzymes have yielded much 
valuable mformabon as to their identity and purity (1, 2) Solubihty 
theory should apply also to particles larger than the simple proteins and 
eipenmenta with a bactenophage by Northrop mdicated that this matenal, 
alttiough having a minimum molecular weight of about 500,000, possessed 
a fairly defimte solubihty (3) It has been shown that tobacco mosaic 
VITUS punfied by centrifugation or by careful treatment with ammomum 
sulfate 13 homogeneous when examined either by sedimentation m the 
nitraceatnfuge or by electrophoresis m the Tisehus apparatus (4, 5) These 
methods, however, show only that aH of the matenal m the sample sediments 
in a centnfugal field or migrates m an electncal field at uniform rates Al- 
though many other experiments also failed to provide evidence for inhomo- 
geneity (6), it appeared desirable to study the solubihty behavior of the 
virus In the experiments to be descnbed m this paper, solubility deter- 
minations were made on tobacco mosaic virus punfied by different methods 
(7, 8), on samples isolated at varymg mtervals of time after inoculation 
(9), and on samples isolated from different host plants, m an effort to deter- 
mme whether punfied virus behaves as a homogeneous matenal from a 
solubility standpomt. 

Materials and Methods 

The viruB samples were obtamed by the more recent rhemlral procedures which m 
volved only a few prcapitntions with aminonnnn sulfate and by ultracentnfugatioa 
with or without a pr elimina ry precipitatioii with ammonium sulfate When punfied by 
the earlier procedures, the virus was recrystalhzed several times before it was used. 
When prepared by ultracentrifugation it was used without a prehmmary crystalliiatlon 
other t h a n that Involved in the solubihty determination Samples prepared by am 
monium sulfate precipitation were dialysed on a rocking dialyzer (10) against distilled 
water until they failed to give a test for ammonia with Nesslcr s solution. The samples 
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prepared by ultracentnfugation were obtained by the sedimentation of the virus m the 
clarified juice or m concentrates prepared by preapitation of the vmis with ammonium 
sulfate and re-soIution m water The virus pellets which separated durmg the ultra- 
centnfugation were redissolved either m 0 1 m potassium phosphate buffer at pH 7 or m 
water and resedimented one or two additional tunes The samples taken from plants 
2 to 13 weeks after moculation were portions of preparations isolated and descnbed by 
Stanley (9) and used for sedunentation analyses by Wyckoff (5) Solutions m 0 1 m 
phosphate contammg 2 to 3 per cent virus were stored at 4° lor from 6 to 12 weeks before 
the solubihty determmations were made 

Prehmmary experiments showed that centrifugation m an angle head m an ordmary 
laboratory centrifuge served much better than filtration durmg a solubihty determma- 
tion to separate suspended crystals of virus from that m solution Equihbnum was 
approached from the supersaturated side by addmg to the sample of virus dissolved m 
01 m phosphate buffer a weighed amount of ammonium sulfate sufficient to cause the 
crystallization of a part of the virus m solution Equihbnum was approached from the 
undersaturated side either by crystalhzmg the virus at the isoelectnc pomt with dilute 
phosphonc acid and extractmg the sedimented virus, after the supernatant fluid had 
been thoroughly dramed, with buffer contammg ammomum sulfate (method 1), or by 
addmg sohd ammonium sulfate to the sample dissolved m a sufficiently small volume of 
buffer to cause the separation of all the virus, and then addmg suffiment buffer to reduce 
the salt concentration to the desired level (method 2) In a few mstances, solubihties 
were determmedat room temperature WTien this was done and the samples were centn- 
fuged at 3000-4000 R pju for 3 to 4 hours, the virus concentration m the supernatant 
hquid decreased only shghtly after additional centrifugation In most experiments, 
however, the virus suspensions, cooled to 0°, and stirred for 10 to 15 mmutes, were 
allowed to stand for 24 hours at 4” and then were centrifuged at 3000-4000 rj>^ for 
about 2 hours at the same temperature The supernatant hquid was pipetted off and 
analyzed for protem nitrogen as previously descnbed (7) The crystals which separated 
under these conditions, while very small m size, were the typical needle-hke crystals 
Because of the extremely small size of the crystals, it is difficult to be certain that amor- 
phous matenal was absent in all cases However microscopic exammation did not show 
material of a defimtely amorphous character 

RESULTS 

Examples of the results obtamed with virus samples purified by chemical 
procedures and by sedimentation m the ultracentnfuge before and after 
prehmmary preapitation with ammomum sulfate, and the effect of storage 
m 0 1 M phosphate buffer or 20 per cent ammomum sulfate are shown m 
Table I Samples purified by chemical procedures vaned m solubihty 
at room temperature m 5 25 per cent ammomum sulfate and 0 1 M phosphate 
at pH 5 6 from 0 26 to 1 5 mg virus N jier ml Samples prepared by 
ultracentnfugation showed a similar vanation Some, at the concentra- 
tions tested, were entirely soluble m a concentration of ammomum sulfate 
at 4° which, for another sample, gave a solubihty of about 0 3 mg N per ml 
at the same temperature The solubihty of a sample of virus varied greatly 
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With the concentration of ammonium sulfate used as solvent A sample 
■which -was soluble to the extent of 0 93 mg N per ml in 11 18 per cent 
ammomum sulfate gave a solubihty of 0 07 mg N per ml m 11 77 per cent 
ammonium sulfate Storage for a month at 4° m 0 1 ii phosphate buffer 


TABLE I 

SoUibUUies tn Ammontum SulfaU and OJ u Poiassaum Phoiphale Buffer of Tobacco 
ifosalc Vtnu Prepared by Different Methods 


Ezpeil- 

aat 

^ UetKod of prvpMtioa 

Uf Ttm 

N per ml 

Us. Tlrts K per 
ml. utatioe 

1 

Prcdpititloti 'vrlth •trtTnffrtnm talfato (4) RcoyitaUktd 5 
times. Isolated 3 weeks alter inoculatjon. SohiHUty at 
rtcm temperstore in 5.25 per cent ammonimn snlfate at 
pH 5 6 from sopemtimited side 1 

I 58 

0 26, 0 26 

2 

1 'Pillared and aolobOity determined os In 1 Plants Inocn ' 
, lated with virus obtained from a sin^ leskm 

1 58 

0 36 

3 a 

1 Prettied and determined os In 1 Recr^tnnixed several 
tlmea 

1 58 

0 94 

h 

The tome tample after stoiHllng 1 month at 4 In 0 1 u phos- 
phate buf er at pH 7 

1 58 

0 21 

4a 

1 Prepared oikI determined as tn 1 SolubQlt^r detenoked j 
^thout prellmiany oystalllxation j 

- 

1 50 

b 

The some sample after stondiaf as tn 35 


0 21 

5 

Prepared and determined os in i SolubOit^ determined 
about a year after standing at 4 is a paste In 20 per cent 

■TTiTTinTThim fulflte 

3 16 

0 26 

6 a ' 

2 sedimentations in ultiacentdfuge. Sohibnityat4 inllJ.8 
per cent ammontnrri solfate at pH 5 6 from sopcrsaturated 
^e 

0 93 

0 93 

h 

Sotaeasdo. SolabtUtyhi li 77 per cent ammonium sulfate 

0 93 

0 07 

7 

Prepared and determined as In tn 11 77 per cent ommcniom 
snlfate 

1 0 93 

0 05 

Ba 

3 m ultraceDtrifoge. Solubility os tn 6o at 

pH64 

0 76 

1 0 25 0 21 

b 

Some os Bo. From andemtniated ^de (method 2) 

0 76 

0 26 0 26 

c 

Some as 85 

1 00 

0 25 0 26 

d 

Predpitated once with ammooiom snlfate and purified by 3 
sedimentatiaas in ultraceotrifoge. SdubDlty as in 85 

1 00 

0 38 0 35 


or for about a year m 20 per cent ammonium sulfate reduced the solubihty 
from relatively high -values at room temperature to about 0 1-0^ mg N 
per mL and repeated recrystalliration at room temperature seemed to 
produce a similar result Evidence has been obtained that these treat- 
ments cause an irreversible Imear aggregation of the -virus particles (11, 12) 
One precipitation with ammomum sulfate at 4°, which does not cause a 
measurahle amount of such aggregation, also failed to cause any pronounced 
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change in the solubihty of the virus The specific activities of the ongmal 
samples of virus used m the experiments given m Table I were not deter- 

TABLE n 

Soluhhties al 4° m 0 1 u Potassium Phosphate Bttffer at pH 5 6 and 11 18 Per Cent 
Ammonium Sulfate of Tobacco Mosaic Virus Isolated from Plants Harvested from 

2 to 13 Weeks after Inoculation 


No 

Weeks after 
inoculation 
isolated 

Method of preparation* 

Mg vital N pet 
ml (olutionf 

1 a 


Two sedimentations m ultracentnfuge Solubihty deter- 



9 

mined from supersaturated side 

0 36 

b 


The same sample after standmg 1 month longer at 4° m 0 1 u 




phosphate buffer at pH 7 

0 54 

2a 


Prepared and determmed as m la 

0 52 

b 

0 

Preapitated once with ammomum sulfate and purified by 2 




sedimentations m ultracentnfuge Solubihty as m la 

0 14, 0 15 

3 o 

1 

1 A 

Prepared and determined as in la 

0 19, 0 19 

b 

1 

The same sample after standmg as m IJ 

0 08 

4 0 

1 

Prepared and detemuned as in la 

0 48 

b 

S 

The same sample after standmg as m 16 

0 17, 0 12 

c 


Prepared and determmed as m 26 

0 02 

5 

6 

Prepared and determmed asm la 

0 40, 0 62 

6 a 

*7 

Prepared and determmed as m la 

0 61, 0 48 

b 

/ 

The same sample after standmg as m 16 

0 27 

7 a 


Prepared and detennmed as m la 

0 SO 

b 


The same sample Solubihty detennmed from undersatu- 



8 

rated side (method 1) 

0 48, 0 48 

c 


The same sample after standmg as m la 

0 40 

d 


Prepared and detemuned as m 26 

0 30 

S 

13 

Prepared and determmed as m la 

0 77, 0 82 


* The samples were stored in 0 1 m phosphate solution at 4° for from 6 to 12 weeks 
before the solubihty detemunations were made 

t Solubihty determinations were made m all cases on 0 93 mg virus N per ml sus- 
pension 

mmed, but they were prepared by comparable procedures involving a rmni- 
mum of treatment with ammomum sulfate or exposure to room temperature 
In previous experiments it has been shown that such samples possessed 
comparable specific activities and gave sharp boundanes in the analytical 
ultracentnfuge 
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I The solubility expenments 'With the samples isolated by Stanley (9) from 
plants 2 to 13 weeks after moculation were earned out from 6 to 12 weeks 
later Those isolated from plants 2 to 8 weeks after moculation gave 
relatively constant results (Table If) The mean value for six samples 
m ten determmations was 0 50 ± 0 02 mg virus N per ml at 4° m 11 18 per 
cent ammomum sulfate and 0 1 H phosphate at pH 5 6 The solubihty of 
the 13 week sample, however, was about 0 8 mg N per ml under the same 
conditions Virus that had been preapitated once m the cold with am 
momum sulfate and then ultracentnfuged showed, m general, a decrease m 
solubihty as compared with virus prepared from the same sap by ultra- 



Fio 1 Solabnity of two ultracentnfuged preparations of tobacco mosaic virus m 0 1 
It potassium phosphate and 11 18 per cent ammonium sulfate bufler curve I at pH S 6, 
curve tf at pH 6 k 


centrifugation. A good deal of variation was found, however Some 
samples were entirely insoluble after the ammomum sulfate treatment 
while others were nearly as soluble as the ultracentrifuged virus The 
variation was probably due to differences In the length of tune different 
samples had been allowed to stand m ammomum sulfate aolubon durmg 
the isolation procedure Similarly, after standmg for about a month longer 
m 0 1 u phosphate at 4°, the solubihty of most of the samples tested de- 
creased further 

The solubihty data ob tain ed with varymg amounts of sohd phase in the 
presence of a constant volume of solvent showed an mcrease m the amount 
of^dissolved virus as the amount of sohd phase was increased above that 
amount necessary to give a saturated solution The results with two prepa 
rabons obtamed by ultracentrifugabon are shown graphically m Fig 1 
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The data are not sufficiently prease to estabhsh definitely the shape of the 
solubihty curves Relatively constant solubihties were obtained, however, 
as the amount of virus m suspension was increased beyond 1 3 mg N per ml 
m one case and beyond 1 mg N per ml in the other, but m both instances 
some sohd phase separated in the presence of much smaller amounts of 
virus In the case exammed most completely (curve If) some sohd virus 
separated or failed to dissolve even at one-tenth the concentration which 
seemed to give a constant solubihty Similar results were obtained with 
a sample purified by preapitation with ammomum sulfate The solubihty 
curves are not charactenstic of a material consisting of only one sohd 
phase but resemble those of sohd solutions (13) A similar conclusion 
was reached when a crystallized sample of virus was extracted repeatedly 
with equal portions of the same solvent, for the amount of dissolved virus 
decreased progressively as the amount of virus used as saturatmg body 
decreased 

A possible explanation for the presence of sohd phase at the lower vinis 
concentrations was the formation of a fraction consisting of relatively 
msoluble and inactive virus as a result of the contact with the ammomum 
sulfate solution durmg the solubility determmation If this were the correct 
explanation then the specific activity of the crystallized virus would be 
expected to be lower than that of the virus m solution To test this hy- 
pothesis the speafic activities of the crystallized virus and the virus m 
solution from two solubihty determmations (curve II, Fig 1) m which the 
nnginal virus concentrations were 0 38 and 0 57 mg virus mtrogen per ml , 
respectively, were compared The crystallized virus was dissolved m 
water m each case and these solutions and those contammg the soluble 
virus were dialyzed untd free of ammomum sulfate and analyzed for mtro- 
gen The dialyzed solutions of crystallized and soluble virus m one expen- 
ment were diluted to 10“® gm virus per ml with 01 m phosphate buffer at 
pH 7 and compared on 42 half leaves of NtcoUana glultnosa In two tests, 
2392 and 2904 lesions were obtamed for the solution of crystallized virus 
as compared with 2002 and 2602 lesions, respectively, for the virus m solu- 
tion In the second experiment, the dialyzed solubons were diluted to 
2 X 10”® gm virus per ml and compared on 37 half leaves of PJtaseohis 
vulgaris L var Early Golden Cluster In two tests, 253 and 627 lesions 
were obtamed for the crystallized virus as compared with 388 and 508, 
respectively, for the virus m solubon When exammed stabsbcaBy on 
the basis of half-leaf umts by “Student’s” method (14), the ciystaUized 
virus m two tests was significantly more active than that in solubon, the 
virus in solubon was significantly more active m one test and m the other 
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twai5mnoemle3ioBcoimtswasnots.gmfiamL When the toUdnnmbeis 

ot leaoM ohtoed by each treatment were combmed and 
lady the crystallized vims rather than that m solution pros ed agmficanUy 
It may be concluded, therefore, that the fraction of virus 
which precipitated did not consist of macbve or largely inacUvc ^nis 
The cpiesUon of a change in tobacco mosme virus as a result of treatment 
with ammomum sulfate was also studied by companng the acUvitiw of 
samples ot virus isolated from porUons of the same infected sap by ultra 
centrifugation and by ammonium sulfate preopitaUon in the cold In 
eight tests m which a total of 305 half leaves of Phatcolus vulgaris was 
used for the comparison of samples isolated from time to time, a total of 


SaMilj Exptnmals mUh Tobaca Ucsai c Vina from Tehaccn and Tmate FkatU 

Me. Tim pet nU 
Rpemuat tJurxcamf 
(ot 2 bn. 
kbOBt f*C. 

(\) 50 vteu twm. tiibiao tn IQ oc. 0.1 « el pH 7 

gyiUUUed with 975 mg. CNH4)tS04 A 39 

(2) SO mg. virtu frotc tometo plenU m 10 cc 0.1 u phosphate et pH 7 

ctTSteUbed u in (1) 4 49 

(5) SO mg. OTstalsoi virtu from tobacco plenU extracted with 10 cc.0Jy 

at pH 7 + 975 mg. (NH0iSO« 4 W 

(4) 50 mg. OTsUla oi vinu bom tomato plants extracted as Is (3) 4 15 

(5) 5ocofiijpcnatantboxn(S)t»edlo€rtitctci7»tal5lTt»ia(4) 4 11 

(5) 5 cc. of ropematant bom (4) used to extract crystals bom C3) 4 09 

11,160 ledons was obtained for the samples prepared by ultracentnfugation 
as compared with 11.202 for the samples prepared by preopUaUon with 
ammomum sulfate If the treatment with ammonium ^ate resulted m 
an irreversible change in virus m these experiments, it was not accompanied 
ty a agmficant loss of virus activity It should be noted, however, that a 
decrease in specific activity or a loss of acUve virus corre^nding to less 
^ about 10 per cent of the ongmal nught not be detected by the in- 
lectivity teats. ^ 

SoimUy of Tinu from Digerml Bait Flanls —Preliminary experiments 
m wHch the solubilities of tobacco mosaic virus isolated toS^hsh 


\ 

I 
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The data are not sufficiently prease to estabhsh definitely the shape of the 
solubihty curves Relatively constant solubihties were obtained, however, 
as the amount of virus in suspension was increased beyond 1 3 mg N per ml 
m one case and beyond 1 mg N per ml m the other, but m both mstances 
some sohd phase separated m the presence of much smaller amounts of 
virus In the case exammed most completely (curve H) some sohd virus 
separated or failed to dissolve even at one-tenth the concentration which 
seemed to give a constant solubihty Similar results were obtamed with 
a sample punfied by preapitation with ammomum sulfate The solubihty 
curves are not charactenstic of a matenal consisting of only one sohd 
phase but resemble those of sohd solutions (13) A similar conclusion 
was reached when a crystallized sample of virus was extracted repeatedly 
with equal portions of the same solvent, for the amount of dissolved vmis 
decreased progressively as the amount of virus used as saturating body 
decreased 

A possible explanation for the presence of sohd phase at the lower vuus 
concentrations was the formation of a fraction consistmg of relatively 
msoluble and mactive virus as a result of the contact with the ammomum 
sulfate solution dunng the solubihty determmation If this were the correct 
explanation then the specific activity of the crystallized virus would be 
expected to be lower than that of the virus in solution To test this hy- 
pothesis the speafic activities of the crystallized virus and the virus m 
solution from two solubihty determinations (curve IT, Fig 1) m which the 
ungmal virus concentrations were 0 38 and 0 57 mg virus nitrogen per ml , 
respectively, were compared The crystallized virus was dissolved m 
water m each case and these solutions and those contammg the soluble 
virus were dialyzed until free of ammomum sulfate and analyzed for mtro- 
gen The dialyzed solutions of crystallized and soluble virus in one experi- 
ment were diluted to 10"® gm virus per ml with 01 m phosphate buffer at 
pH 7 and compared on 42 half leaves of Ntcohaiui gluHtiosa In two tests, 
2392 and 2904 lesions were obtained for the solution of crystalhzed virus 
as compared with 2002 and 2602 lesions, respectively, for the virus m solu- 
tion In the second expenment, the dialyzed solutions were diluted to 
2 X 10~® gm virus per ml and compared on 37 half leaves of Phaseohts 
vulgans L var Early Golden Cluster In two tests, 253 and 627 lesions 
were obtamed for the crystallized virus as compared with 388 and 508, 
respectively, for the virus m solution When exammed statistically on 
the basis of half-leaf umts by “Student’s” method (14), the crystalhzed 
virus m two tests was significantly more active than that m solution, e 
virus m solution was significantly more active m one test and in the other 
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tlie difference in lesion counts was not significant. When the total numbers 
of lesions ob tain ed by each treatment were combmed and evaluated simi- 
larly, the crystallised virus rather than that m solution proved agnificantly 
more active It may be concluded, therefore, that the fraction of virus 
which preapitated did not consist of machve or largely inactive virus 
The question of a change m tobacco mosaic virus as a result of treatment 
with ammomum sulfate was also studied by comparmg the acbvihes of 
samples of virus isolated from portions of the same infected sap by ultra- 
centnfugatlon and by ammomum sulfate preapitabon m the cold In 
eight testa m which a total of 305 half leaves of Phaseolus nilgaris was 
used for the comparison of samples isolated from time to time, a total of 


TABtE rn 

Solubiliiy Experiments mith Tobacco Mosaic Virus from Tobacco and Tomato Plants 



Ma. vina per ml. 
wrwTDSUat >fter*e<ptrif 

eauloB (er 3 fan. at 

abetdi^C. 

(1) 50 mg. vims from tobtcco plmts m 10 cc. 0 1 jc pbosphftte pH 7 


oysUllixed with 975 mg. (NH 4 )tS 04 

4 39 

(2) 50 mg. vinis from tomato plants In 10 cc. 0.1 k phosphate at pH 7 


CTTStallixed as in (1) 

4 49 

(3) 50 mg crystals of virtis from tobacco plants extracted with 10 cc. 0 1 u 


phoqiiate at pH 7 4- 975 mg. (Nn«)«SO« 

4 M 

(4) 50 mg. crystals of vims from tomato plants extracted as in (3) 

4 15 

(5) 5 cc. of supematant from (3) used to extract cryitals from (4) 

4 11 

(6) 5 cc. of supernatant from (4) used to extract crystals from (3) 

4 09 


11,160 lesions was obtained for the samples prepared by ultraccntnfugation 
as compared with 11,202 for the samples prepared by preapitation with 
ammonium sulfate If the treatment with ammonium sulfate resulted in 
an irreversible change in virus m these experiments, it was not accompanied 
by a significant loss of virus activity It should be noted, however, that a 
decrease m specific activity or a loss of active virus correspondmg to less 
than about 10 per cent of the onginal might not be detected by the m- 
fecbvity tests 

Solubility of Virus from Different Boat Plants — Preliminary experiments 
in which the solubDities of tobacco mosaic virus isolated from Turkish 
tobacco and tomato plants by chemical methods were compared, showed 
that about the same solubihty behavior was obtamed for virus isolated 
from either host provided the samples were isolated by the same procedures 
from plants moculated for the same penods of time (7) Similar eipen 
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meats were carried out on ultracentnfuged preparations of virus from 
tobacco and tomato plants The jmce was obtained from young plants 
about a month after moculation and the virus was preapitated once m 
the cold with 20 per cent ammomum sulfate It was redissolved m 0 1 m 
phosphate buffer and sedimented twice m the ultracentnfuge The ex- 
periments on two samples obtamed m this manner are summarized m 
Table III It may be seen that under the condibons used, about the same 
solubihty was obtamed for the tomato as for the tobacco sample when the 
solubility was approached either from the supersaturated or the under- 
saturated side When the saturated solubon obtamed from the tobacco 
sample was used to extract the crystals which separated from the tomato 
sample, a shght decrease rather than mcrease m the amount of dissolved 
virus took place, and a similar result was obtamed when the saturated solu- 
faon from the tomato sample was used to extract the crystals which sepa- 
rated from the sample isolated from tobacco plants 

DISCUSSION 

The wide vanabon found for the solubihty of different samples of purified 
tobacco mosaic virus prepared by preapitabon with ammomum sulfate 
and by ultracentnfugabon, and the type of solubihty curve obtamed m 
the presence of varymg amounts of sohd phase mdicate, contrary to the 
results of ultracentrifugal and electrophorebc analyses, that the purified 
virus IS not a homogeneous matenal The results are not readily explamed 
either by the presence of macbve impunbes, by the reversible or irreversible 
formabon of macbve virus, or by failure to attain eqmhbrium durmg 
the solubihty detenmnabons They may be explamed by vanabons pro- 
duced m the virus itself either durmg growth under different condibons 
or durmg isolabon Evidence for a small amount of vanabon m tobacco 
mosaic virus has been obtamed previously (15) by the isolabon of mutant 
strains from plants mfected with a smgle mfecbous umt of the ordinary 
strain These were recognized because of charactensbc signs of disease 
on mfected plants different from those of ordmary tobacco mosaic and 
have been earned senaJly through many generabons of plants The num- 
ber and amount of such strams which are formed durmg the produebon of 
the virus m the host plants are not beheved to be sufficient to account 
for the type of solubihty curve found In view of the fact that the more 
soluble and the less soluble fractions are equally mfecbous and, m the 
limi ted number of tests made, produce typical tobacco mosaic disease, 
it seems more hkely that the solubihty of the mfecbous agent itself may 
vary It is possible that the less soluble virus may be denved from the 
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more soluble by a process sunilar to that taking place when the virus ages 
in vUro, or it may be that during the multiphcation of the original infective 
umt other umts differing shghtly m solubihty but causing typical tobacco 
mosaic are produced The solubihty data provide evidence that the 
purified virus is better descnbed, as has already been mdicated ( 16 ), as a 
family of closdy related substances rather than as a single chemical m- 
dividual The espenments with the virus from tobacco and tomato plants 
show, however, that remarkably comparable virus may be ob tain ed from 
plants of different genera when the latter are grown under the same condi 
tions and the virus is isolated by similar procedures. 

SUMMARY 

Different samples of purified tobacco mosaic virus show a relatively wide 
variation m solubihty in ammomum sulfate solubon This variation and 
the type of solubihty curve obtained m the presence of varying amounts 
of sohd phase show that the purified virus whether isolated by mild treat- 
ment with ammomum sulfate or by ultracentnfugabon is not a homogeneous 
cheimcal substance but contains more soluble and less soluble virus frac- 
bons of comparable specific acbvrbes Long contact with strong am 
monium sulfate solubons or 0 1 M phosphate buffer results m a decrease 
in solubihty The vanabon in the solubihty of samples isolated from 
different plants by the same method seems to depend m part on the length 
of time the plants are moculated before they are cut, and probably also on 
the condibons under which they are grown Virus preparabons isolated 
from plants of different genera grown under the same condibons and mocu- 
lated at the same bme, however, behaved like idenbcal substances m 
solubihty expenments 
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SUMMATION OF EI^ECTRICAL POTENTIAL OF LIVING 
MEMBRANES (FROG SKIN) A MODEL OF THE 
ELECTRICAL ORGAN OF FISHES 

T CONLIFFE BABNES 

{From Ike Osborn Zoological Lahoraiory, Yale Umxorsity, Nev) Bavai) 
(Received for publication, April 17, 1940) 

INTRODUCTION 

For the interpretation of the electrical field of the organi&m as a whole 
(Burr and Northrop, 1939) the possibihty of algebraical summation of 
membrane potentials throughout the body must be considered Frog skin 
13 particularly suitable for the construction of models of summated poten 
tials, as it can be removed •without mjury and survives several hours m 
Ringer^s solution Moreover, this tissue performs many of the functions 
of the plasma membrane of smgle cells such as respiration, water mtake, 
and lomc exchange (Dean and Gatty, 1937, Krogh, 1937), and is therefore 
of interest in connection -with the problem of the summation of cellular 
E M F 's (Rosene, 1935) The most striking example of the possible sum 
mation of the potential of sm^e umts is the electnc organ of certain fishes 
Thus the 400 elements m senes of the electric ray, produemg a total of 30 
volts, must develop an average of 75 mv apiece (Hill, 1932, p 12), which 
IS a typical value for frog skin The following experiments were designed 
to demonstrate the summation of the potential b of pieces of skin arranged 
m senes m tubes of Ringer’s solution 

Methods 

Pieces of frog skin from the ventral and dorsal regum of the tr unk were tied on the 
blunt end of mediane droppers (extemal diameter 9 mim) mounted on No 4 rubber 
stoppers inserted m 11 cm lengths of glass tubing (diameter 21 nun.) as Indicated in 
Fig 1 Each tube ms filled ^th Ringer's solution through a side arm and the units 
linked by short lengths of rubber tubmg filled with Ringer’s solution fitted on the 
projecting ends of the medidne droppera. All the skins faced the same direction 1 
in each tube one skin was tied with the negathrdy charged outside outward and the other 
skin in the opposite direction (indicated by “normal and * reversed polanty in Tables I 
and n) The terminal tubes contained only one skin each and mto these dipped Ag 
AgQ electrodes leading to a type K potentiometer or a Micromax recording potenti- 
ometer The summation potentials however w e r e beyond the upper limit (100 inv) 
of the recorder The potential of each skin was measured separately before connecting 
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the holders m senes The potential of the entire cham was taken and also the resistance 
(60 cj'de conductivity bndge) and amperage The potential of each skin was measured 
again when the model was dismantled The pH of the Rmger’s solution at the end of 
each experiment as determmed by a glass electrode was 7 4-7 6, which is m the optunal 
range for frog sLm potential (Barnes, 1939) The Rmger’s was thoroughly oxygenated 
at the beginnmg of each experiment Owmg to the length of the model a thermostat 
was not used The temperature was taken at every readmg but was not a disturbmg 
factor Owmg to the vanation m potential of different frogs the sex and weight of 
each animal are recorded m Tables I and n The time elapsmg between the initial 
and final readmg of the potential of each skm is recorded m the column marked “Age” 
m Tables I and II 


RESULTS 

As Will be seen in Table III the potentials built up in the eight models 
approached the value predicted from the potenbals of each skm measured 



Fig 1 Tube for holdmg frog skms m model for summation of potential (see text) 


separately The discrepanaes may be ascnbed to three factors (a) the 
natural fluctuations which occur m all normal frog skm preparations Thus 
m a model of twenty skms, an hour may elapse between the potential read- 
mg of the first skm and that of the completed cham (&) The detenmnation 
of the resistance alters the potential (c) Changes m the tension on the 
skin occumng durmg the assembhng of the model modify the potential 
(Barnes and Coe, 1940) 

The data on amperage and resistance of the models are presented m 
Table IV The needle of the ammeter remamed deflected for many hours 
mdicatmg a contmuous output of electncal energy (Franas, 1933), which 
IS also suggested by the temperature charactenstics of 10,000 and 17,000 
calones previously determmed (Barnes, 1940) 

SUMMARY 

Frog skms arranged “m series” m tubes of Rmger’s solution exhibit 
summation of electncal potential which helps to explam the nature of 
electncal fields m the orgamsm as a whole and m the electncal organ of 
fiishes 
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TABLE I 

Summaiton oj Sktn PcUnhoU Modd No J 


All aldns from same frog, male 33 gm., 2 April, 22 7-25*0 Skin No 1 next to 
positive electrode. 


No 

Odjt 

PoUrity 

laltUlB H.y 

nulE.H t 

Ac9 

1 

Anterior ventral 

Reveraed 

29 2 

mf 

37 2 

1 hr., 11 mtn. 

2 

Poeterior ventral 

Normal 

41 2 1 

32 6 1 

1 hr., 11 nun. 

3 

Poiterior doraal 

Reveraed 

18 4 

4 0 

1 hr., 10 min. 




10 0 

8 6 

1 hr., 14 min. 

4 1 

1 



98 8 

(Cakolated) 
105 0 
(Measured) 

82 4 

(Calcalated) 

87 0 

(Measured) 


TABLE n 

Summaiion of Sktn PoUnhals Modd No 4 


from sffven frogs. S April, 20-22.8*0. Skm No i neat to negative electrode. 


6Ub 

No. 

Fnjf 

No. 

So «ad 

Orlfia 

Foiuity 


Bn 

A*e 







Mr 

m 


1 

1 

9 

3d 0 

Anterior ventral 

Normal 

33 0 

26 5 

64 

2 

1 

9 

36 0 

Posterior ventral 

Reversed 

92 5 

64 5 

60 

3 

2 

9 

33 5 

Anterior ventral 

Normal 

32 8 

18 8 

62 

4 

2 

9 

33 S 

Posterior ventral 

Reversed 

91 S 

70 0 

59 

B, 

WM 

cT 

33 5 

Anterior ventral 

Normal 

33 8 

20 6 

59 

B 

pi 

d* 

33 5 

Posterior ventral 

Reversed 

95 3 

48 4 

57 

■1 

pi 

9 

41 

Anterior ventral 

Normal 

41 3 

23 6 

57 

B 

pi 

9 

41 

Posterior ventral 

Reversed 

67 6 

24 5 

54 


pi 

d’ 

27 

Anterior ventral 

Normal 

23 0 

10 0 

56 


pi 

c? 

27 

Posterior ventral 

Reversed 

70 0 

48 1 

55 


19 

cT 

29 5 

Anterior ventral 

Normal 

42 7 

31 3 

55 


pi 

d- 

29 5 

Posterior ventral 

Reversed 

92 1 

62 6 

55 


pi 

9 

44 5 

Antenor ventral 

Normal 

32 9 

31 8 

54 


1 

9 

44 5 

Posterior ventral 

Reversed 

62 5 

821 3 

(Calculated) 
758 6 
(Measured) 

78 7 

568 4 

(Calculated) 
597 1 
(Measured) 

S3 
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TABLE m 


Stmmaiion of Skin Potentials Data from Eight Models 


1 

Model No 

No of skins j 

Initial £ u r 

Final £ u r 

Calculated 

Measured 

Calculated 

Measured 



mv 

mv 

mv 

mv 

1 

4 

98 8 

105 0 

82 4 

87 0 

2 

12 

316 6 

319 5 

292 5 

342 5 

3 

12 

280 5 

223 6 

210 0 

192 2 

4 

14 

821 3 

758 6 

549 1 

597 0 

5 

18 

— 

— 

258 9 

398 3 

6 

18 

534 6 

581 7 

1 387 0 

436 0 

7 

18 

350 2 

300 0 

345 3 

430 0 

8 

20 

842 2 

650 0 

61 0 

51 3 


TABLE IV 


Potential, Amperage, and Resistance of Frog Skins 


Model No 

Potential before resistance 
reading 

Amperage before resistance 
reading 

Resistance of entire circuit 


mv 

micreamperet 

ohms 

2 

235 8 

5 0 

36,300 

3 

223 0 

6 0 

39,500 

4 

747 1 

12 0 

51,300 


510 

5 0 

64,500 


(9 hrs later) 

(9 hrs later) 

(9 hrs later) 

6 

562 0 

8 0 

67,000 


447 6 

5 0 

76,000 


(12 hrs later) 

(12 hrs later) 

(12 hrs later) 

7 

300 0 

4 0 

63,000 


350 0 

4 0 

75,000 


(10 hrs later) 

(10 hrs later) 

(10 hrs later) 

8 

650 0 

6 5 

95,000 


147 0 

3 0 

78,000 


(21 hrs later) 

(21 hrs later) 

(21 hrs later) 
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ELECTROPHORETIC HOMOGENEirY OF PREGNANT MARE 
SERUM GONADOTROPHIN* 

Bl CHOH HAO 1.1 HERBERT U EVANS AMD DONALD H. WONDER 
{From the histUule of ExpenmaUat Btdogy and the Cutter Laboratories, University of 
Caltforma Berkeley) 

(Rtcdved for publication, April 4, 1940) 

Impunties m physiologically active substances may lead to erroneous 
concepts of their action Such a situation is actual when the substance m 
question is protem m nature The development by Tisehus (1) of the 
technique of electrophoresis has made this a valuable tool in character 
izmg proteins We (2) have already shown that a highly purified and 
potent preparation of the pitmtary lactogemc hormone behaves liLe a 
jiHgfe substance in the Tisehus apparatus The present study is a report 
to the effect that the same techmcal methods show electrophoretic homo- 
geneity m a preparation of the gonadotrophic hormone m pregnant mare 
serum (PMS) — a protem substance (3) 

expehiuental 

Gcnodotropkic Prtparalion ^ — ^The method o£ preparation Tfas essentially tliat de- 
scribed by Goss and Cole (4) and we are indebted to thens for tbeir Endings 

known to ns in advance of pnblicatiorL 

Forty bters of pregnant mare smim were brought to pH 8 98 and acetone equal to 
90 per cent of its total volume was addeiL The preapltate was removed and washed 
with 40 htcrs of 50 per cent acetone The residue was filtered off and discarded^ The 
supernatants were combined and acetone was added to a specific gravity of 0 937 
Aad was added to pH 6 0 and the preapltate which formed on standing was filtered 
off and discarded Acetone was added to the filtrate to a specific gravity of 0 880 
the dried precipitate weighed 19 779 giru and exhibited a potency of 100 RU* per mg 
This crude powder was extracted with 40 per cent acetone of pH 6 40 aolfltion The 


* Aided by grants from the Board of Research of the University of Califomla from 
The Rockefeller Foundation from Parfte Davis Company and from the National 
Research Council Committee on Research in Endocrinology Assistance was rendered 
by the Works Progress Administration, Project No OP 665-0S-3-30 Umt A-S 

1 Commercially known as gonadm 

• One rat unit (RU) is defined as the smallest amount of a gonadotrophin which on 
mtraperitoneal mjection m normal immature female rats (3 days injection) causes 
development of foDicles and cstrous uterus in at least 2 out of 3 rats. 
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insoluble matenal was discarded The supernatant was brought to 50 per cent acetone 
and pH 5 50 The precipitate was removed and dned The pH was then adjusted to 
4 5 and the precipitate was removed and dned The powders from the pH 5 5 and 
pH 4 5 precipitations were combmed and treated as above except that the ongmal 
extraction was made with 50 per cent acetone instead of 40 per cent acetone The 
final 50 per cent acetone (pH 4 5) precipitate weighed 667 mg and possessed a biological 
activity of 1000 RU per mg 

Electrophoresis Experiments — ^The Helhge apparatus developed by Tisehus (1) was 
emplo}’’ed, the techmque has been desenbed previously (2) The protem solution which 
had been dialj'zed and possessed the same pH and conductance as the buffer solution 
was then subjected to electrophoresis The homogeneity and the migration of the 
boundary was detenruned by the schheren method The hydrogen ion concentration 
of the solution was measured with the glass electrode and its conductance with the 
usual Wheatstone bndge tj^ie of circuit and a Washburn conductivity cell All expen- 
ments v ere performed at 1 5°C 

Kelene Experiments — ^The ketene was generated by an apparatus designed by one 
of us (5) The protem to be acetylated was dissolved m pH 5 7 h acetate buffer The 
solution contamed 5 mg of protem per cc The experiments were earned out at room 
temperature 

Carbohydrate Dclcrmination — ^The sugar content of the preparation was estimated 
by the method of Sorensen and Haugaard (6) Into 15 cc of 60 per cent HeSO* were 
pipetted 1 cc protem solution and 2 cc 2 per cent orcmol m 60 per cent sulfunc acid, 
a blank omittmg the orcmol bemg set up for each solution After thorough mixing the 
solutions were heated m a water bath at 80 ± 2°C for 20 minutes, plunged mto ice 
water, and cooled m the dark The color developed was measured m a Cenco-Sanford- 
Sheard photelometer usmg a blue filter The sugar content of the solution was read 
off from a cahbration curve which was made usmg galactose as the reference carbo- 
hydrate 

Protein Nitrogen and Ammo Nitrogen Determinations — Estimation of protem mtrogen 
was earned out in tnpheate by the micro Kjddahl method usmg selemum oxj’^chlonde 
as catalyst for digestion Ammo nitrogen determmation was performed usmg the Van 
Slyke gasometne apparatus The nitrous acid was allowed to react for 6 mmutes at 
room temperature 

Tyrosine and Tryptophane Determinations — Lugg’s (7) modified method of Fohn 
and Ciocalteu was used and 30 mg of the preparation were dissolved with 0 5 cc of 
5 M NaOH m a small sealed test tube The test tube was then put mto a steam bath 
for about 35 hours The tyiosme and tryptophane m the hydrolyzed soluUon were 
determmed m the same manner as described by Lugg except the colonmetnc compan- 
sons which were made m a Cenco-Sauford-Sheard photelometer instead of a colorimeter 

RESULTS 

Electrophoretic Homogeimty and Isoelectric Point of the Preparation — 
Fig 1 shows the migration of the boundary resultmg from the electro- 
phoresis of 1 per cent solution, taken at 20 minute intervals in an electneal 
field having a potential gradient of 8 08 volts per cm The schheren band 
of the ascendmg boundary m another experiment usmg 0 8 per cent solution 
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18 shown in Fig 2 The average mobilitv* of the protein was then found 
to be 10 51 X 10”* an */volt/Bec m phosphate buffer of pH 7 53 and ionic 
strength 0 05 at 1 5°C The well defined and sharp boundary observed in 
these experiments indicates a high degree of punty of the substance It 
must be admitted that all that is cstabbshed is that possible contaminants 



Fio 1 I-io 2 

Fic 1 Schlieren bands of PMS gonadotrophin Exposures tk ere made at 20 minute 
intervals and the current vr&s reversed after the fourth exposure. 

Fio 2- Schlieren bands of the ascending boundary Exposures were made at 
16 minute intervals. 


have the same or nearly the same mobility as the main component of our 
preparation — so that resolution mto two boundaries was not permitted 

* It will be seen in Table I that the mobility of a more dilute protein solution (ca 
0 2 per cent) is also 10 38 X ICT* In the same buffer Thus the protein concentration 
docs not change the electrophoretic mobility However Davis and Cohn (8) observed 
that the mobility of hemoglobin Is directly proportional to the concentration Recently 
Stenhagen and Teorell (9) amv ed at an opposite conclusion from their studies on thjTiio- 
nucleic aad 

We also found that the mobibty vaned with the potential gradient 


pH 

E 

uX 10-* 

(A u/A £) X 10-* 

4 01 

7 76 

4 22 

0 051 

4 01 

15 52 

4 62 


4 55 

7 73 

5 68 

0 030 

4 55 

16 80 

5 95 



The change of mobUitv per unit gradient increase was about one-tcnlh of that obtained 
bv Stenhagen and Teorell This phenomena ma> l>e explained by t ^ ’0) 

of electrolyte solution 
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We have also determined the mobility of the hormone m a wide range of 
hydrogen ion concentrations The mobility studies were made with about 

TABLE I 


Elcdrophorclic Mohthkes of PMS Gonadotrophin at 1 5°C tn Bufcr Solutions of Vary- 
ing pH and Constant Ionic Strength {0 05) 


Experiment No 

Buffer 

pH 

11 X l0-« 

L594 

1 

Potassium chloride 

1 64 

+3 67 

L584 

Phthalatc 

2 32 

+1 22 

L582 

Phthalate 

3 02 

-1 51 

L590 

Phthalatc 

3 41 

-3 34 

L591 

Acetate 

4 01 

-4 22 

L587 

Acetate 

4 55 

-5 68 

L578 

Acetate 

5 40 

-7 42 

L608 

1 Phosphate 

7 53 

-10 38 



Fig 3 Mobility of PMS gonadotrophin at different hydrogen ion concentrations 
(temperature 1 5°C ) 


0 2 per cent solution in buffers of ionic strength 0 05 and constant potential 
gradient (ca 8 0 volts per cm ) The results are given in Table I and Fig 
3 The last column of Table I is the mobility of the protein in cm Vsec / 
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volt and the plus and minus signs refer to the charge in the protein The 
isoelectric pomt* of the hormone was found at pH 2 60-2 65 and the value 
du 

of •- 4 0 X 10“* It 13 not surprising that the isoelectnc pomt hes 

in this high aad region, because most of the mucoprotems (11) possess this 
characteristic property It is of mterest to compare these results with those 
obtamed for the gonadotrophic hormone m the unne of pregnant women 
(prolan) Recently Gunn, Bachman, and Wilson (12) have found the 
isoelectnc pomt of their highly purified prolan at pH 3^3 4 The different 
isoelectnc points of the two hormones suggest that there is a different ratio 
of aad groups to basic groups m the two molecules and the differmg rabos 
may be related to the differences m the biological action of the two 
hormones 

SlabStly — The preparation ongmally contamed about 1000 RU per mg 
When the dry powder* stood at room temperature m the desiccator for 
about 2 weeks, the potency decreased to one-half and it became stable at 
this potency The electrophoretic homogenaty, however, remained the 
same, while the solution which had been used m eight electrophoresis 
experiments during a period of 35 days at 1>5°C showed no loss of potency 

The hormone was stable m aad solution When 3 mg of the protem 
were dissolved m 10 cc. of 0 5 M HCl and kept at room temperature for 4 
hours, the biological potency was not changed On the other hand, the 
hormone was greatly deactivated m NaOH solubon under similar condibons 
It was found that the potency became less than 20 RU per mg 

Some Chtmteal ConsMitents of the Hormone — Some chemical consbtuents 
of the hormone are suminanxed m Table IL Of mterest is the carbohydrate 
content* which obviously classifies the hormone as a glycoprotem, whether 
it IS essenbal for its biological acbvity is not yet dear 

It has been pointed out by Cohn (13) that tryptophane and tyrosme are 

* It ia of interest to note that Goss and Cole (4) found that the isoelectnc point of 
ihwr preparation in 50 per cent acetone lies between pH 5 5 and pH 4^ The shift 
of isoelectnc point toward the alkaline side indicates that the dissociation constant of 
the add groups in 50 per cent acetone a much smaller than that m aqueous solution 
while the daiociation constant of basic groups changes to a smaller extent 

* An independent observation on the instability of the dry powder was made by 
Dr H* IL Cole (personal communication) 

* The carbohydrate content of a crude PMS preparation was also investigated. The 
potency of the crude PMS was about 50 RH per mg and it contained only 6 0 per cent 
carbohydrate. Thus the carbohydrate determination may be taken as a measure of 
PMS potency in the purification of the hormone. The carbohydrate in the hormone 
was i dentified by ordnol method to be galactose, using blue and green filters in the 
Cenco photelometer 
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particularly useful m the estimation of the immmal molecular weights of 
the protems Thus we calculate the minimal molecular weight of the 
hormone based on the tryptophane content to be 15,000 If we assume that 
there are two molecules of tryptophane and six molecules of tyrosme m the 
protein, the molecular weight will be about 30,000 gm 
Action of Ketene — The effect of ketene on a crude preparation of PMS 
has been reported recently by us (14) The same results were obtamed by 
applymg the same techmque to this highly purified and potent sample 
Ketene treatment of the protem for 30 mmutes caused a marked loss of 
physiological activity, the treated substance has a potency of less than 
1 RU per mg Since the a mm o groups m sugar-nch protems are com- 
pletely acetylated (14) by ketene at room temperature withm 30 mmutes, 
the results suggest that the physiological activity of PMS gonadotrophm 


TABLE n 

Some Chemical Constituents of the Gonadotrophin in Pregnant Mare Serum 


Composition 

Percentage 

Protein mtrogen 

10 60 

Ammo mtrogen 

0 46 

Carbohydrate 

14 10 

Tyrosme 

3 54 

Tryptophane 

1 37 


depends on the free ammo groups This findmg is m accordance with the 
observations of Cartland and Nelson (3) They found that 84 per cent 
of the hormone was destroyed by exposmg the hormone to 4 per cent formal- 
dehyde for 3 hours at pH 8 0 It is known that formaldehyde reacts only 
with the free ammo groups under the cited conditions 

It may be noted m this connection, that Bischoff (15) could not detect 
any significant difference between the gonadotrophm m pregnant women’s 
urme emd that m pregnant mare serum In our present and previous 
studies we (14) have shown that the free ammo groups are important for the 
biological action of PMS gonadotrophm while blockage of the ammo groups 
by acetyl radicals does not essentially disturb the physiological activity 
of human chonomc gonadotrophm 

A similar conclusion as to differences m the cheimcal behavior of gonado- 
trophms has been reached by studymg the specific action of mtrous aad 
(16) The PMS gonadotrophm is mactivated quickly (one-half hour) 
by nitrous aad at 0°C whereas human chonomc gonadotrophm is m- 
activated very slowly 
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SDMHARY 

A highly punfied and potent gonadotrophin in pregnant mare serum has 
been prepared The preparation has been shown to be electrophorebcally 
homogeneous m the Tisehus apparatus The mobdities of the substance 
have been determined over a wide range of hydrogen ion concentrations 

du 

Theisoelectncpomtlie 3 atpH 2 60-2 65and the value of 3 -^ is40 X ICM 

apilo 

Some chemical constituents have been studied From the tryptophane 
and tyrosme content the molecular weight of the hormone is estimated to 
be 30,000 

The hormone has been subjected to acetylation by ketene in aqueous solu- 
tion at room temperature and the result suggests again the essentiahty of 
free ammo groups for the biological activity of the hormone In this respect 
It 13 to be contrasted with human chononic gonadotrophin 
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SEPARATION OF POTASSIUM ISOTOPES IN VALONIA AND 
NTTELLA 


A. G JACQUES* 

{From the LaboraiorUs of The RockefcHtr Institute for lledicol Research) 
(Received for pobiication, April 15, 1940) 

A K Brewer* reports that m certain cases the ratio K” + K" m the 
organism is not the same as in the environment. This situation appears to 
enst m Vahma^ and Ntidla' according to determinations made by Dr 
Brewer to whom the author has sent samples of sap The author desires 
to mate grateful acknowledgment of Dr Brewer's kmdness 

The cells of Valtmta were removed from the sea water, nnsed m distilled 
water, and pierced by a glass tube tapered to a fine capillary By means of 
gentle pressure or suction the tube was filled with sap which was trans- 
ferred to quart* or Pyrex bottles 

The NtMla cells were nnsed with distilled water and cut open to allow 
the sap to flow out into quart* or Pyrex vessels. 

The results are shown m Table I In the opinion of Dr Brewer, they 
mdicate some separation of K.*' from K.“ by Valoma and Nilella 

It 13 evident that this separation cannot be due to diffimon The difiu 
Sion path m both cases fs very short. 

It seems possible that the separation depends on a higher partition 
coefliaent, S, for K'* than for K” (S •» concentration m the non aqueous 
protoplasmic surface layer + concentration m the external solution) A 
suniiar explanation has been suggested* for the fact that IC+ is taken up by 
Valonui m preference to Na*" and this can be mutated to a certain extent 
by guaiacol which takes up more K+ than Na+ This is m accordance with 
the rule of Shedlovsky and Uhlig* which states that the partition coeffiaent 
mcreases with the lomc radius On this basis we might expect K** to be 
taken up more than K.** 

* Woiic completed by Dr Jacques before bii death in February, 1939 

* Brewer, A. K., / Am Ckem Soc 1936, 68, 365, 370, /nd and Eni CAon , 1938, 
30,893 Lasnititl, A.,andBrewcr, AK- Nature 1938,143,538 

* Valoma maerophysa KOta., collected in Bermuda. 

* NiteUa fiexUis Ag , collected m the vicinity of New Yoric City 

‘C/ Osterhout,W J V., But Rm , 1936, 3, 283 -*i 

» Shedlovsky, T, and Uhlig H.H / Gen PAyjiu! , 1933-34 17,549,563 
741 ’ 






r'A'-i 


742 


POTASSrUM ISOTOPES IN VALONIA AND NITELLA 


In View of this the following expemnent was made A solution of 0 2 m 
KOH was shaken with a mixture of 70 per cent guaiacol -f 30 per cent 
/’-cresol this wiU be called G C mixture for convemence The K+ was 
extracted from the G C mixture by shakmg with 0 5 m: H 2 SO 4 and was re- 
converted to KOH this was shaken with fresh G C mixture, from this 
the K+ was agam removed by HiSO*, converted to KOH, and agam shaken 
with G C mixture, and so on After 13 repetitions® the ratio of K®’ — K^^ 
in the G C mixture was 14 10 dh 0 04 At the start it was 14 20 ± 0 04 
Dr Brewer regards this change as possibly significant 


TABLE I 


Solution 

K« -t- xa 

Bermuda sea water 


14 20 ± 0 03 

„ , /Sample I 

T'‘^'’”'“^P\Samplen 


13 85 ± 0 05 

13 85 ± 0 05 



13 85 ± 0 03 

14 00 ± 0 03 

KOH before shakmg 


14 20 ± 0 02 

K taken up by guaiacol mixture 

(Sample I 
(Sample n 

14 10 ± 0 04 

14 09 ± 0 03 


This result suggests that further experiments with organic substances 
may prove mterestmg 


SUMMARY 

The ratio of K®® — K^^ appears to be lower m the sap of Valonta and 
Ntiella than m the environment, mdicatmg that the living cell can separate 
these isotopes to some extent 

Experiments with a mixture of guaiacol and />-cresol suggest that a 
similar separation may occur here but further experiments are needed 

® A result (decrease of the ratio K*® - m the G C mixture) would pre- 

sumably be achieved by shakmg the G C mixture once with a sufficiently large volume 
of aqueous KOH 






ACTION CURVES WITH SINGLE PEARS IN NTTELLA IN 
RELATION TO THE MOVEMENT OF POTASSIUM 


Bv W I V OSTERHOUT akd S. E. HTTJ> 

{From ihe LaboraloHes of Tki RockefeUer InsitluUfor Medical Research) 

(Received for publication, April 17, 1940) 

Although closely related, Ckara} and NtieUa!^ show striking differences 
The action curve m NtUUa has two peaks but in Chara there is only one 
The outer protoplasnuc surface in Ntldla is sensitive to K+ but this is not 
true of Chora 

It IS of deaded interest to find that these differences can be abolished by 
appropriate treatment When cells of NtUUa are leached m distilled water 
the outer surface becomes insensitive* to K+ and at the same time the form 
of the action curve approaches that of Chara and shows only a single peak 
The treatment with distilJed water* commonly removes the imtabOity* 
as well as the sensitivity* to K+ but cells are occasionally met with m which 
the imtabHity persists after the sensitivity to K.+ disappears These 
present some interesting features 

Under normal conditions, celb of NtUUa have an outwardly directed 
(positive*) PJ) of about 100 mv due chiefly to the outwardly directed 
concentration gradient* of K+ across the inner protoplasmic surface T 

When an action current appears this pjj disappears, partially or com 
pletely, producing the first movement of the action curve, 4 e the spiLe, 
or 0 movement, as seen m Fig 1 

This 18 presumably due to an mcrease m the pcrmeabihty of Y which 

* Ckara carmata ZU. The Urge cells, resmblmg those of NtUUa, are not covered 
with a layer of *vttU cylh as m most species of Ckara 

^Nildla fitxUis Ag. 

*Osterhout,W J V,andHIIl,S E.,/ Gen Phyxud 1933-34,17,105 

* By this is meant the ability to givo propagated action currents on electneal stimu 
latios 

* By this IS meant the large change m pj) when 0 01 u KCl Is replaced by 0 001 it 
KCl or by 0 01 II NaQ (the latter Is called for convenience the potassium effect) 

* The p j) is called positive when the positive current tends to flow from the sap across 
the protoplasm to the external eolation. 

* Since the effect of predominates the other cations arc omitted from the discus- 
sioiL Cf Osterhoat, W J V , / Gen Phynci 1934-35 18, 215 
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ACTION CURVES WITH SINGLE 


PEAKS IN NITELLA 


^ows to migrate outward in the form of a movmg boundary « Thi 
destoys the concentration gradient of K+ aaoss F and produces a los 

On reaching X (when X is sensitive to K+) K+ will set up an outward! 
directed (positive) potential, causing the curve to fall and producing the ' 
movement of the first peak This movement will last until K+ reache 

the outer surface of X and thus diminishes the concentration gradient o 
K+ across X 



Fig 1 The unbroken line shows changes mm durmg the action current m Ntidla, 
supposedl}" due to the outward movement of potassium The broken Ime shows the 
p j) m the resting state, before the outward movement of potassium begins 

In the diagrams the symbol K denotes the outwardly movmg potassium (reduction 
m concentration is shown by reduction m the number of symbols) Each stage of its 
progress is marked by a change m pm for example, m Diagram A the observed pm 
is due to the relatively high concentration of potassium at the inner surface of F, m 
Diagram B we see that potassium has reached the outer surface of Y and m consequence 
the pm has disappeared 

The duration of the action current is usually about 15 seconds 

The duration of this downward movement will depend on the speed with 
which K+ moves across X Its magnitude will depend on the sensitivity 
of X to K1+, i e on the mobility ratio® - J'a > and on the partition coeffi- 
aent {S^ = concentration of K+ m the non-aqueous protoplasmic 
surface — concentration of K+ m the adjacent aqueous solution) 

It will be larger when the movmg boundary is sharp for then the concen- 

® Regardmg movmg boundary see Macinnes, D A , and Longsworth, L G , Ghent 

iJCT , 1932, 11, 171 _ 

® CJ Osterhout, W J V , and HiU, S E , / £?e;; Phystol , 1938-39, 22, 139 
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tration gradient of K+ across A vnll be larger 
If the front of the moving boundary becomes 
more diffuse the concentration of K"*" as it 
strikes A will dimmish and if it scarcely ex 
ceeds the concentration of K+ already present 
m 11 the p movement will practically dis- 
appear 

Thismav explain such a curve as is seen^* in 
Fig 2 which may occur even when \ is sensi 
tive to li.'*’ Such curves are occasionally 
found espeaally m cells exposed to 0 01 ii 
NaCl“ which may mcrease the protoplasmic 
motion and render the movmg boundary 
more diffuse In such cases it is no longer 
possible to distinguish sharply between the 
fall of the curve due to the p movement and 
the fall due to the r movement (f e to the 
recovery which is presumably due to the 
movement of back into the sap) In such 
cases the only evidence of the p movement 
lies m a sudden change in the course of the 
curve, as m Fig 2 

If the outer protoplasmic surface V loses 
part of Its sensitmt) to the p movement 
will fall off m consequence 

When A has lost its sensitivity to K"*" (as 
shown by the absence of the potassium 
effect^) there is no longer an> reason to expect 
anyabrupt change in the course of the curve 



Fig 2 Action curve In an 
unlcached cell of iVilcffa with 
normal potassium effect tx 
with the outer protoplasmic 
surface sensitive to K'*' The 
first peak is missing presuma 
bl> because the outwardl> mov 
mg K'*’ has a diffuse rather 
than a sharp boundary 

The spot recorded P Is in 
contact with 0 0001 u NaCl It 
IS connected through the re- 
cording galvanometer to a spot 
F which b in contact wuhO 01 u 
KCT and consequenUj has a 
constant pj> approximate!) at 
WTO Hence the action curve 
IS monophasic 

The cell was freed from 
neighbonng cells and kept for 
10 da>'$ in Solution A at 15 ± 

1 C The record was made at 
22®C (clectncal stimulation) 
Vertical marks 5 seconds apart 


^•Thc cells after being freed from neighbonng cells stood in the laboiaton at 
15 ± 1 C m Solution A {cf Osterhout W J V and Hill S E / Gen Pk^tiol 
1933-34 17, 87) for several da\Ti. 

The measurements were made on Ntlella JiextJts Ag using the technique described 
in former papers (HHl S E and Osterhout W J V / Gen Phynof 1937-38 21,541) 

"C/ HOI S E and Osterhout, n J \ J Gen Pkynoi 1938-39 22,91 It is 
here suggested that increased conductivity of the protoplasm ina\ tend to produce single 
peaks. 

‘ I e when there is no change m pj) on rcplaang 0 01 u KD b\ 0 01 u NaCL 
At the start of the spike there ma) be an abrupt nsc of the curve due to electrical 
leakage from the stimulating electrodes 



0 


IG 3 Action curve in a cdl of Nilclla which has lost its potassium effect (t e the 
r protoplasmic surface has become insensitive to K+) as the result of leaching m 
lied water 

'he spot recorded, D, was in contact with 0 01 ii NaCland was connected through the 
rding galvanometer w ith another spot, F, m contact w ith 0 01 m NaCl (the p d of the 
T remained constant as evidenced be the record of another spot E not shown here) 
onsequence the action curve is monophasic 

he cell was freed from neighliormg cells and kept for 8 days in Solution A, then for 
^'s in distilled water the temperature was 15 db TC The record w-as made at 23°C 
trical stimulation) \'^ertical marks 5 seconds apart 



:g 4 Action curve in a normal cell of Chara which shows no potassium effect, i c , 
uter protoplasmic surface is not sensitive to K'*' 

ae spot recorded, D, was in contact with 0 001 m KCl it was connected through the 
ding galvanometer with a spot F killed bv chloroform and having in consequence 
of zero Hence the action curve is monophasic 
le cell was freed from neighboring cells and kept for 2 davs in Solution A at la 
C The record was made at 24°C Vertical marLs I seconds apart 
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Fig ^ Aclvon curvt m » ccU of ^ Ucih which has i 
outer protoplaanic surface hw become insensitive to 
disuUed v.Titer 

The spot recorded, D was m contact with 0 01 m Ni 
recordinggalvinomcter with another ^t F m conUi 
constant p j> during the record u evidenced b\ the n 
here) In consequence the action curvx is monophasi 
The ccH was freed from neighboring cells and kept f 
placed m distilled nater for 7 daxa the temperature i 
nude at 22®C Vertical marks S seconds apart 



Fig 6 \ctioD curve in a cell of which has 

outer protoplasmic surface has become insensitive to 
distilled water 

The spot recorded D was m contact with 0 01 u Ni 
recording galvanometer to another spot F m contact 
constant pjD during the record os cvndenced b) therer 
here) Hence the action curve is monophasic 

The cdl was freed from neighboring cells and kep 
IS ± 1 C The record was made at 25*C Heavy v< 

Under these circumstances we expect on]> ct 

Since there is no p movement there u no 5 movxn 
^‘This applies to action curves m which the PJ> 
movement follows the usual course and goes nearii 1 
small loss of p n occurs rounded top* maj occur even 
action curves are regarded as abnormal and probab' 
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sucli as arc actually observed*® under these conditions (Fig 3) Fig 3 
may be compared with the normal curve'? of Chara (Fig 4) 

Tiie course of recovery may be shorter than is usuaUy observed m Nttella 
but this is not always the case, as is evident from Figs 5 and 6 

These facts strongly support the suggestion previously made'® that K+ 
pla^s an important role in the action curve 

SUMMARY 

In Xilclla the action curve has two peaks, apparently because both 
protoplasmic surfaces finner and outer) are sensitive to K+ 

Leaching in distilled water makes the outer surface insensitive to K+ 
We may therefore expect the action curve to have only one peak This 
expectation is realized 

The action curve thus obtained resembles that of Chara which has an 
outer protoplasmic surface that is normall}^ insensitive to K+ 

The facts indicate that the movement of K+ pla)'s an important part in 
determining the shape of the action curve 

'® In some cases the potassium effect may be restored bv pressure on the cell (Hill, 

S E , and Osterhout, W J V , t Gcii P/iyjie)/ , 1934 - 35 , 18, 687) or by an action current 
(Osterhout, W J ^ , and Hill, S E , 7 Gen Physiol , 1954-35, 18, 681) Hence a cell 
showing an action curve with one peak ma\ sometimes show a potassium effect when 
tested later on 

When a cell is tested for the potassium effect with negative result but when sub- 
sequently stimulated shows a tendency to form a second peak this mav be due to 
the fact that the action current tends to restore the potassium effect and consequently 
the double peak 

'? After the spike the curve in Fig 4 falls below the original level (positive after poten- 
tial) and then rises This is not a constant feature of Chora and it may also occur in 
NitcUa 

In Chara the chief seat of the p d appears to be (as in NitcUa) the inner protoplasmic 
surface Y which is presumably sensitive to K'*' although the outer surface, A, is not 
Leached NitcUa resembles Chara in that Y is sensitive to K+ but X is not 

'® Osterhout, W J V , f Gen Physiol , 1934-35, 18, 215 



EFFECTS OF GUAIACOL AND HEXYLRESORCINOL IN THE 
PRESENCE OF BARIUM AND CALCIUM 


By W J V OSTERHOBT 

(From At Labontona 0 / Tie RociefeBer Institute for iledicol Sesearci) 
(Received for publication, April 18 1940) 

Haber* holds that alkaline earths affect the colloids of protoplasm so as 
to inhibit the depolariimg effect of Guttman’ states that they prevent 
the depolarizing action of various orgamc substances 

These conclusions, based on eigierrments with muscle and nerve, have 
been tested on NUetla In a previous paper it is shown that m some cells 
the effect of K+ is partly inhibited* by Cs''^' when the concentrabon of K+ 
IS 0 01 II but not when it is 0 1 u. In other cells no such inhibition occurs 
The present paper shows that Ca++ and Ba++ do not inhibit the depolanz 
mg effects of guaiacol and hesylresoronol 

The depolanzmg action of guaiacol has been described in previous papers * 
The normal positive* p n of about 100 mv decreases (* e , changes in a 
negative direction) when guaiacol 13 appbed and if the concentration is not 
too high the process 13 reversible 

In order to test the effect of Ca++ on this process the foUowmg experi- 
ments were made * 

In all the expenmenta two spots on the same cell, D and E, were con 
nected through the recording galvanometer to a qxit F (which was m 

*H6ber R., snd Stmhe, H. Arci get Piytlol 1929,222, 71 Hober, R., Andenh, 
M HOber, J ,RndNebd B ,/ CdJ andComp FkysM , 1939 13, 195 

* Guttman, R. J Gen Fkysiot , 1939-40, 33, 343 

•Ojtethout,W J V,andHin,S E,/ Gen 1938-39, 22, 139 

‘Osterhout W J V / Cm PAyiwI ,1938-39,22,417 1939-40 23,171 

* Tbo p n is called positive when the positive ourent tends to flow from the sap across 
the protoplasm to the external solution 

* The cells, after bang freed from neighboring cells stood in the laboratory at 15® ± 

1 C. In Solution A (cf Ostahout,W J V,andHiIl,S E,y Cm PhyHot 1933-34 17, 
87) for several days They bdonged to Lot B (cf Hi ll, S E^ and Ostahout, W I V , 
Proc Not Acad Sc , 1938, 21, 312) 

The measurements were made on NitxBa fiexBu, Ag , uaing the technique described 
in former papers (Hm, S E and Osterhout, IV I Gen PAymd , 1937-38 21,541) 
Unless otherwisa stated the changes here recorded were reversible and there were no 
signs of mjitry 
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EPPECTS OP GUAIACOL AKD HEXYLRESOECINOL 


contact with 0 01 m KCl and in consequence had a p n which remained 
constant, approximately at zero, during the experiment) 

In one set of cells the spot D was at first m contact with 0 01 m NaCl 
when tins was replaced by 0 01 m NaCl + 0 02 if guaiacol there was a loss^ 
of p D amounting to 103 ± 11 9 mv (6 observations on 6 cells) When 
0 01 M NaCl m contact with ^ was replaced by 0 01 m CaCh there was a 
loss^ of P D amounting to 16 5 dh 1 mv (6 observations on 6 cells) Then 
0 01 M CaClo was replaced by 0 01 m CaCh + 0 02 m guaiacol which entailed 
a further change of P n m a negative direction^ amoimtmg* to 115 ± 12 5 
mv (5 observations on 5 cells) 

The experiment was repeated on another set of cells, usmg Ba++ m place 
of Ca++ The result was similar Addition of 0 02 m guaiacol to 0 01 m 
N aCl at D caused a change of P n of 108 db 11 9 mv m a negative direction 
(5 observations on 5 cells) Replacmg 0 01 m NaCl by 0 01 m BaCh at B 
caused a rapid loss of p d amountmg to 25 d: 2 3 mv (5 observations on 5 
cells) Replacmg 0 01m BaClj by 0 01 m BaCh + 0 02 m guaiacol caused a 
change of p d m a negative direction amountmg to 107 i 6 6 mv (5 ob- 
servations on 5 cells) 

Experiments with hexylresorcmol® gave similar results For example, a 
set of experiments was made m which 0 01 m NaCl at 2? was replaced by 
0 01m NaCl + 0 0003 m hexylresorcmol, givmg a change^® of p n m a 
negative direction of 104 i 10 4 mv (6 observations on 6 cells) When 
0 01 M Cadiz at JS was replaced by 0 01 m CaCh -1- 0 0003 m hexylresorcmol 
the change of p n was 106 d: 10 5 mv (6 observations on 6 cells) 

In another set of cells 0 001 m NaCl was placed at D When this was 
replaced" by 0 015 m NaCl there was a loss of p n of 30 d: 1 2 mv (8 ob- 
servations on 8 cells) This solution was then replaced by 0 015 m NaCl 
-b 0 0003 M hexylresorcmol, causmg a further loss of 79 d: 7 4 mv (8 ob- 
servations on 8 cells) 

Then 0 001 m NaCl at £ was replaced by 0 001 m NaCl -f- 0 01 m BaClj 
(thus makmg the osmotic pressure about the same as that of 0 015 m NaCl 

’’ This took place m a few seconds, indicating that the effect was chiefly at the outer 
protoplasmic surface 

® This was a gradual change m a negative direction (depolanration) mvolving an 
action current m some cases 

® The hexylresorcmol was kmdly donated by the firm of Sharp and Dohme, Glenolden, 
Pennsylvania 

i®Osterhout,W J V,/ Gen 1939-40,28,569 

” The object of this was to make the osmotic pressure about the same as m the subse- 
quent experiment at E 
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at D) this caused a loss of P Ji of 45 ± 2 8 mv (8 observaboiis on 8 cells) 
When this was replaced by 0 001 M NaCl + 0 01 ii BaQj + 0 0003 ii 
heiylresorcinol there was a further change of p d m a negative direction 
amounting to 106 ±35 mv (8 observations on 8 cells) 

It is evident that the depolansmg effect of guaiacol and of hexykesorcinol 
13 not inhibited bv Ca++ or Ba++ It is possible that this may be due to the 
fact that Ca++ and Ba++ do not penetrate to the mner protoplasmic surface 
which IS the chief seat“ of the P n and which is reached by guaiacol and 
hexylresorcmol 

The effects of these organic depressants come on slowly, indicatmg that 
they penetrate gradually to the inner protoplasimc surface. But when 
NaCl 15 followed by CaCU or by BaClt the change in pjj is immediate, 
mdicatmg that their effects are chiefly at the outer protoplasimc surface 

stnatARV 

Guaiacol was apphed at two spots on the same cell of Ntlella At one 
spot it was dissolved m 0 01 li NaCl, at the other in 0 01 u CaCli or BaQ, 
The effect was practically the same m all cases, » e a similar change of p n 
m a negative direction, mvolving a more or less complete loss of p n (de- 
polanaation) 

When hexylresorcmol was used m place of guaiacol the result was similar 

That Ca+'‘' and Ba++ do not inhibit the effect of these organic depolanz 
mg substances may be due to a lack of penetration of Ca'*^ and Ba"'^ The 
orgamc substances penetrate more rapidly and their effect is chiefly on the 
mner protoplasimc surface which is the prmapal seat of the pjj 

“05tcrhout,W ivy Gen Pkynol 1934-35,18,215 
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THE ELECTRICAL CONDUCTANCE OF SUSPENSIONS OF 
ELLIPSOIDS AND ITS RELATION TO THE STUDY 
OF AVIAN ERYTHROCYTES* 

Bl SIDNEY VEUCK AMD MANUEL GORIN 
{From the Department of Protozoolo^t Johns Hopkins Hniverstiy School of Hygiene and 
Public HeaWij Baltimore arid the Biological Laboratory 
Cold Spring Harbor ^ Long Island) 

(Received for pabUcabon, April 16, 1940) 

I 

INTEODUCnON 

The electncal conductance of a colloidal suspension is a function not only 
of the individual conductances of the particles and the suspending medium, 
and of the fraction of the volume occupied by the particles, but also of the 
shape of the particles, their onentation, and at high concentrations, because 
of electncal mtcraction between particles, their array In the cases where 
the equations have been developed the electncal conductance measurements 
on suspensions can provide mformation either on volume, symmetry, or 
conductance of the coUoidal particles if the values of the other variables 
are known 

Maxwell (1) denved the equation 

(V<i) - 1 (Wti) - 1 , , 

(i/t J + 1 " (*M + 2 

for homogeneous suspensions of non polarizable spheres ■where k, ki, and 
kj, are specific conductances of suspension, medium, and particles re 
spectively and p is the fraction of the total volume occupied by the sus- 
pended phase The equation -was e:q)cnmentally verified for fat globules 
in cream by Fnche and Morse (2) Parallel equations for the dielectric 
constant of suspensions have been experimentally verified by Millikan (3) 
for emulsions of water m benzene and diloroform 

In order to apply the method to suspensions of non spherical particles 

* This wo^ was done tn connection with *otne problem* that arose m the stud> of 
the lelective invasion of immature red blood cdls by parasites In avian malana and was 
supported by a grant from the International Health Division of The Rockefeller Foun- 
dation to Robert Hegner 
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754 ELECTRICAL CONDUCTANCE OF SUSPENSIONS OF ELLIPSOIDS 
Fncke (4) considered the case of spheroids and expressed his results m the 


t — P 2 + abcLaiki/ki — 1) 

where p, k, ki, and h are the same as above, a, b, and c are the axial lengths 
of the ellipsoid, and La, Lb, and Lc are integrals which are functions of 
a, b, and c and are dependent not upon the absolute magnitudes of these 
quantities but on the ratios, a/c and b/c Equation (2) reduces to the form 

(k/ki) - 1 - ii 

ik/kd+x" "{J.kr/kd+x} ^ 2 ') 

m which the form factor, is a function of the axial ratio of the particles 
and of the conductance ratio (h/ki) Choosmg £ls bis model the oblate 
spheroid he showed that the conductance of suspensions of the biconcave 
discoidal red cells of mammals closely fitted his equaPons when a suitable 
value for the axial ratio of the cells was chosen Due, however, to devia- 
Pons of his model from the actual form of the cell the axial raPo which gave 
the best results m detenmnmg p differed shghtly from the ratio obtained 
b}’’ direct measurement 

To make the method more widely applicable we have extended Fncke’s 
development and have obtamed soluPons for a more general model, an 
elhpsoid with three axes different which rather closely approximates the 
normal shape of the avian erythrocyte For the case most often met 
with m practice, ^2 is zero The equaPon for elhpsoids assumes the form 


(r/rj — 1 
(r/n) - 1 +/ 


(3) 


where r/ri is the ratio of the specific resistance of the suspension to that 
of the medium, p is as before the fracPon of the volume occupied by the 
parPcles, and / is a factor which depends upon the axial rapos of the elhp- 
soids Tables of / for vanous values of the axial raPos will be presented 
It was observed m confirmaPon of previous workers that marked changes 
in conductance occur when the suspension is stirred The silky reflecPon 
pattern from the surface of a suspension swirled m a beaker suggested that 
the moPon of the hquid orients the particles Orientation was confirmed 
by hght Pansmission measurements m a speaally designed flow cell We 
have therefore considered m the theory the effect of orientation upon the 
elecPical conductance of the suspension ConducPvity cells were designed 
m which the suspension was allowed to flow durmg the measurements 
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Changes in the direction predicted by the theory were observed and the 
effect shown to be a function of the degree of asymmetry of the particles 
When the particles were converted to the spherical form the flow effect, 
as would be expected, disappeared. 

Tables showmg the dependence of the form factor,/, upon the anal ratios 
of the particles m random and four types of directed orientation are pre- 
sented With properly designed conductivity cells it should be possible 
to extend the method to shape studies of submicroscopic particles 


Theory 

Ptmdammial Equalum 

Following Fncke’s derivation which neglects the presence of ions inside 
and outside the particle and also neglects the electncal Interaction between 
the particles themselves, laplace’s equation is used to obtain formally 
the potential inside and outside the particle due to charges on its surface. 
By superposition of these potentials upon that of the external field the elec 
tnc force can be expressed as a function of the volume fraction, p, occupied 
by the particles, the axial ratios, the apphed potential F, and the con 
ductances of the particle and medium For the case m which the a axis 
of the eDipse is onented paralld to the external fidd the equation 

2Wr>p 


(P/m - p) + 


5 + cfcUlVW - II 


») 


results, where £, is the integral 


f. 


(a« + X) V(<i> + )0tt’-tX)Ct*+)0 

and F is the electncal force. By applymg Ohm’s law the additional rela 
bon mvolvmg F/V and the other quantities Is oh tamed 

aJttu'W - 


/ UiVtM - llF/V \ 
■ ^ + oiciJlWti) - 11/ 


(5) 


Ehminatmg P/V between the equabons (4) and (5) we get the final result 

) 

\1 - p/\2 + ehcUdM - 11/ 


•i.+l 


(0 


In the correspondmg equabons for the cases m which the axes b and c are 
paralld to the dectnc fidd the mtcgral £, is replaced by and i, which 


are of the same form 
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For random orientation averagmg is accomplished by assuming that one- 
third of the particles is onented m each direction It follows that 

^ , , l/3p 2{h - k) 

i ‘=' ks -j y — - — fj) 

l-p ^ 2 + aicUdM - 1] 


Evalnahm of the Integrals 

In order to apply these equations the three mtegrals 



dx 

(a* + + X)I/* 

dK 

{6> + X)»/»(c» + X)>fl(fl> + 

^ 

(c* + X)»/»(o> + 4- 


must be evaluated This is equivalent to evaluatmg any one of the 
mtegrals, let us say La, for the three cases m which a takes successively 
the values of the three axes of the elhpse, and b and c take the values of 
the other two axes 

Lettmg X = (1/y) — the integral becomes when sunpkfied 


La 



V{(>* - a*)y + 11 Kc* - o*)y + 


( 8 ) 




With the substitution y = ^ 72 we obtam eventually 

0 O' 


(a‘ 


- L 


Vo*-iVo 




where 

Rearranging we get 


V(i - iA*Xl - 

o>)/(ft> - 0>) 


5*(o* - 


U 




d\}/ 


V(i-\A*xi-?v*) 




( 9 ) 


1 


( 10 ) 
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The mtegrals » and u are standard elliptic integrals of the first and second 
hind respectively To convert them to the forms m which they are most 
frequently tabulated" let sin ^ 


sKa' - 


.[/: 




r 


"s/ 1 — 5* lin* p 

1 

-v/t — s’ tin* r J 


or 


Z, - 


(t’-n’Ka’-fjui 


• V. 


•in' 




Case I, a > c> h 


( 11 ) 


Equation (11) is real only for the case in which q is positive and can only 
be evaluated when q < l,t e ,a < c < bor a > c > b Of these two only 
the second case can be evaluated directly from the tables, for when 
0 < c < 6 the upper limit of the mtegrals becomes imaginary Smce b 
and c are mterchangeable there r emain only two other cases to be evaluated, 
namely a < c <b and b < a < c 

Case II, a < c < b 


Eoro < c < fclettp ^ m equation (10) 

1 r fv'a’-.n/ 
^ - aO" [j. 


The equation becomes 

Vn-i*e’ ,ir 

■v/l+e’ 


i 


-I 




' 

V(I + eOlU- j’e’) 
n 


( 12 ) 


The second mtegral (u) m equation (12) is eqmvalent to 
F [l Imn-’ (VM - a'/a)] 

where I is given by P*=l“5’*=’ ((**"" “ ®*) when 0 < 1 < 1 

The requirement 0 < f < 1 is met when a K c < b 


1 Plerct, B , A short table of integrals. Boston Ginn and Co , 3rd revised edition 
1929 
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To evaluate the first integral in equation (13) we make the substitution 
<P = tan rp and obtain 






which has been evaluated,* 

(12)< «= (^ti _ oVo)-\/l - sm> (tan-i Va’ - h^/a) 


where 


+ f{1, tan~i (-x/fi* — oVfl)] — e[i, tan"* (x/^ — o*/a)] 


p a 1 — qi a — c')/QP — a») 


///, b <. a < c 

The third case to be solved is b <. a <. c We return to equation (10) 
and make the foUowmg substitutions and transformations 

nP => —53, "X/ — j’/a c= ti, and ^ = ■\/ 1—1* 

The first integral of (10) becomes 


'(1 - 1»)(1 + ff7» - 


or after rearrangement 


— r 

[ + m» 


Vl + m» Jg Vd ~P)(l- w*)/(l + mO 

1 fvCT 


•x/ 1 + Jo -x/Cl - <*)(! - + m*) 

It follows immediately that m standard form 

»>■ - 

Integration of (10),. is achieved by the substitution w;* = -?*, and the 
transformation cos <p = P The mtegral, (10), „ becomes 

■x/rTw* . Vki - + m»)T sm’ ¥> dp 

(V'a^-iVo) 


or 



2 Potin, L , Fonnules et tables numenque, Pans, G Dorn, Gauthier, VilJars and Co 
1925, 712’ 
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Su mmin g up, the three integrals necessary for calculations with equa- 
tions (7), (6), or (8) are given below in terms of the standard elhptic in- 
tegrals of the first and second land F(q, ip) and E{q, p), respectively 


a> e>h L, — 


(o* - £>)(«' 






^ 1 ] 


a<e<b X* ' 


l<a<c i* • 


(«• - 


2Vc*- 


2 


(c* - a’)(c* - 




The values of abc L, for different sets of anal ratios and for the three 
onentations in the eitemal field are given in Table L Instead of absolute 
values of the absolute length we use the anal ratios referred to the smallest 
ana as unity 


EUipsotds of Revolulion 

For elhpsoids of revolution (rods and discs) we amve at a similar set of 
equations Considering the prolate qiheroid with axes a, b, c and with 
i ■= c and o > 6 we have 


i - 


_ 11^ *T^* ^ 

l-p l-aVL. 


(IT) 


The two mtegrals to be obtained are 

(.•-l-XWM + A) 

r” A 

J, »* + x)«(o' + Ww 

Integrating by parts 

2 r“ dk 2 * 

Oi*-l-x)v>»>+x)>" 
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Let 5“ 4- X = 5, then 

Li « f ^ ^ J. 1 , a - Vo* - 6* 

4* (VV* - 6* + 6> 6*(o* - fc*V 2(a* - Vo^^ 

For the oblate spheroid, the approximate model of the mammahan red 
cell, the axes are a,h,c,b ~ c and a <1 The mtegral (20) assumes the 
form 


/: 


dh 


«*Vo’ - 6’ +3 - **) (^ - o’)*'* 


tan'i 1 / . 

y 


2{6* - oS)Vi 

A^alues of for various sets of axial ratios are also given m Table I 


( 21 ) 


TABLE I 


Dcpoidcnce of ahcLa on the Axial Ratios a/c and b/c 


a/e 

b/c 

c/c 


alcLi 

aide 

2 

2 

1 

0 472 

0 472 

1 069 

3 

2 

1 

0 31S 

0 535 

1 158 

4 

2 

I 

0 222 

0 574 

1 208 

5 

2 

1 

0 175 

0 593 

1 253 

6 

2 

1 

0 136 

0 607 

1 291 

7 1 

2 

1 

0 no j 

0 617 

1 328 

3 1 

3 1 

1 

0 360 1 

0 360 

1 263 

4 

3 

1 

0 277 

0 396 

1 1 326 

5 

3 

1 

0 217 

0 417 

1 371 

6 

3 

1 

1 0 167 

0 433 

1 406 

7 

3 

1 

0 138 

0 442 

1 438 

4 

4 

1 

0 297 

0 297 

1 404 

5 

4 

1 

0 233 

0 318 

1 453 

6 

4 

1 

0 191 

0 331 

1 482 

7 

4 

1 

0 157 

0 343 

1 500 

5 

5 

1 

0 250 

0 250 

1 500 

6 

5 

1 

0 211 

0 273 

1 532 

7 

5 

1 

0 176 

0 282 

1 552 


Suspensions of Erythrocytes 


The suspensions of eUipsoids used for experimental study were suspensions 
of the red blood cells of birds m serum and m isotomc soluPons of sodium 
chlonde At the frequenaes at which the resistance measurements were 
made the red cells behave as non-conductors and therefore h = 0 The 
simplified equation for random onentation is 




pbfi 

1 — p 



( 22 ) 
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where /i 


2/3 E 



IS the fonn factor 


tncal resistance instead of conductance 

(f/fi) — 1 

'' ” (r/rd - 1 +/i 


Expressed as elec- 


ts) 


where p is the same as before and r and ri are the resistances of the sus- 
pension and medium reflectively, measured m the same conductivity celL 


Onentatum 

The types of onentation of the elhpsoids with respect to the electrodes 
are shown m Fig 1 



I 


fl 


ffl 


Flo. 1 The three projectioiis of an ellipsoldai red cril with three axes different 


When the elhpsoids are oriented at random m the field we tahe, m effect, 
the average of the three positions, i, u, and hi (Fig 1) If a fieaal onenta 
tion 13 obtamed by allowmg the blood to flow past the electrodes the type 
of onentation obtamed with respect to the electrodes depends upon the 
posibon of the electrodes m the stream If the arrangement is such that the 
external field is parallel to the long axis of the particles the effective target 
area presented by the cella to the hues of dectncal force is shown (Fig 1) 
in ih the field being directed mto the page, or in i or if when the field is m the 
plane of the page from top to bottom. 

The equation in this case (external field parallel to long axis) is 


Or m the form of equation (23) 

» (r/rj-l 
'■ “ (r/rj - 1 +/. 


(25) 




r" 
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where 


ft =" 


2 


2 — abcLa 


when a is taken as the long axis of the eUipsoid 
When the electrodes are arranged so that the long axis of the elhpsoid is 
perpendicular to the electncal field the target area offered by the cells to 
the hnes of electncal force is the average of i and n (Fig 1) if the field is 
taken as normal to the page The corresponding equation is 


2k <=• 2ki — 


2kp 

1 — p 


E — - — 

^ 2 — obcLa 


(26) 


which reduces to 


(f/fi) - 1 

(f/ri) - 1 +/, 


o— I.e J 

where 


abcLa 


(27) 


taking b and c as the intermediate and short axes of the elhpsoid respectively 

If the onentation is further restncted so that at the same tune either the 
mtermediate or short axis is parallel to the external field the conductance 
equation agam assumes the form of equation (6) with a taken as the axis 
parallel to the external field 

Application of the conductance equation to suspensions of non-conducting 
elhpsoids requires the evaluation of the form factor / which is determined 
solely by the axial ratios of the particles In Table 11 are presented 
the values of the form factors for vanous combmations of axes and for 
the vanous possible onentations of the cells 


in 

EXPERIMENTAL 

Determiiiattoii of Volume Fraction and Form Factor 

The working equation, p = ,, contams four experimentally (5) 

r/n - 1 -f/ 

determmable quantities that can be approached by mdependent methods 
' When used to determme the volmne concentration of the suspended phase, 
the appropnate form factor, /, must first be obtamed For spheres the 
value of / has been deduced and confirmed experimentally (see page 753) 
The functions for spheroids evaluated by Fncke have been tested only on 
the non-conductmg discoidal red blood cells of mammals which are rough 
approximations of the spheroidal model The chief difficulty m workmg 
with red cells is that accurate measurements of the short axis of the cell 
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have not been obtained Deviations of the cell from the mathematical 
model occur along the short axis It is therefore necessary to use an aver 
age value for this dimension Confirmation of the theory for spheroids 
resides in the fact that when a suitable value for the short arm is chosen a 
single form factor can be selected which gives a close correspondence be 

XADIE n 


Form Fadersfor Various Axtal Raitos and OrieTitations 


Axklntk* 

RauJocd 

erlaUUoa 

Lone czb 
lanlkl to 
otcmtl 

ptrtlde fret 
to route 

Loof exit 
popodko- 
ht to 
extern*! 
add. 

ptrtld* tree 
to roUtt 

Loectxl* 
pcrpotdkn* 
l»r. Inter 
medliUnefa 
p*i*!ld 

Lonx *^ 
papendka 
Ui ibort 
kjj9p«nlltl 

Uodd 

1 


1 

1 

500 

1 

500 

1 

500 

1 

500 

1 

500 

Spliexe 

2 

2 

1 

1 

S89 

1 

308 

1 

729 

1 

308 

2 

150 

Oblxte tplxeroid 

3 

2 

1 

1 

643 

1 

183 

1 

870 

1 

364 

2 

376 

EnipMld 

4 

2 

I 

1 

6Si 

1 

124 

1 

964 

1 

402 

2 

526 


5 

2 

1 

1 

731 

1 

096 

2 

049 

1 

422 

2 

676 


6 

2 

1 

1 

?76 

1 

072 

2 

128 

1 

436 

2 

820 


7 

2 

1 

1 

a27 

1 

058 

2 

211 

1 

446 

2 

976 

u 

3 

3 

1 

1 

718 

1 

220 

1 

967 

1 

220 

2 

714 

ObUle fphcnnd 

4 

3 

1 

1 

791 

1 

160 

2 

106 

1 

246 

2 

966 

CTipvrid 

5 

3 

1 

1 

&55 

1 

122 

2 

222 

1 

264 

3 

180 


6 

3 

1 

1 

911 

1 

090 

2 

322 

1 

276 

3 

363 


7 

3 

1 

1 

973 

1 

074 

2 

422 

1 

283 

3 

560 

' 

4 

4 

1 

1 

901 

1 

174 

j 

265 

1 

174 

3 

356 

Oblal« fpbookl 

5 

4 

1 

1 

992 

1 

132 

2 

422 

1 

189 

3 

656 

EIlipKkl 

6 

4 

1 

2 

054 

1 

lot 

2 

529 

1 

198 

3 

860 

* 

7 

4 

1 

2 

097 

1 

086 

2 

603 

1 

207 

4 

000 


5 

5 

1 

2 

195 

1 

142 

2 

572 

1 

143 

4 

000 

Oblate spheroid 

6 

5 

1 

2 

1&3 

1 

118 

2 

716 

1 

158 

4 

274 

EBtpsfrid 

7 

5 

1 

2 

242 

1 

096 

2 

815 

1 

164 

4 

466 


2 


1 

1 

539 

1 

210 

1 

703 

1 

703 

1 

703 

Rod 

3 


1 

1 

577 

1 

122 

1 

805 

1 

805 

1 

805 


4 

1 

1 

1 

597 

1 

086 

1 

853 

1 

853 

1 

853 

( 

5 


1 

1 

613 

1 

059 

1 

894 

1 

894 

1 

894 


6 

1 

1 

1 

627 

1 

045 

1 

919 

1 

919 

1 

919 


7 


1 

1 

633 

1 

035 

1 

932 

1 

932 

1 

932 

" 


tween experiment and theory over a wide range of concentrations The 
value for the short axis so chosen falls within the limits imposed by direct 
measurement- 

It was hoped in e xtending the theory to cover the case of dlipsoids with 
three axes difierent that the avian red cell would fit the elhpsoidal model 
more dosely than the mammalian cell fits the spheroidal model and such 
was found to be the case (see Fig 2) However, the j**^tenmn 
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ing the value of the short axis stiU exists Table HI shows the range of 
dimensions of cells in a smgle sample of blood and the mdividual vanation 
from bird to bird The average axial ratios of the cells m the above sample 
are fl/c hjc c/c = 4 8 2 9 1 which correspond to a form factor (Table II) 
of 1 85 This form factor (1 85) is to be compared with the one obtained 
directly from conductance measurements on the same duck blood 
The form factor, /, and the volume fraction, p, can be detemuned mde- 
pendently by conductance measurements, alone To accomplish this, a 
relatively concentrated suspension is taken and r/n is obtamed Then the 
suspension is diluted by the addition of known amounts of medium The 
ratio, r/fi, is determmed for each mixture Dilution is contmued until a 
volume fraction of about 0 15 is reached From the data, p and / are ob- 
tamed m the foUowmg way Let p' and (r'/r'i) be the volume fraction 


TABLE m 

Dimensions of Red Blood Cells of Ducks 


Bird 

Length 

Width 

Thickness 


Average 

Eztrcffles 

Average 

Extremes 

Average 

Extremes 

1 

13 7 

12 3-15 4 

8 0 

6 9-91 

2 8 

2 4-3 0 

2 

13 9 

12 1-14 9 

8 1 

6 5-10 0 

' 3 1 

2 7-3 6 

3 

13 4 

12 9-14 3 

8 3 

18-92 

2 8 

2 0-3 0 

4 

13 6 

12 5-14 6 

8 4 

7 6-90 

2 7 

2 1-2 9 


and conductance ratio, respectively, for the most dilute member of the 
senes and p and (r/ri) be the same for any other member of the senes 
From equation 23 it follows that 


or 


, /l ~ r/ri+A 


c// => p' 


(28) 


where if is the total volume to which 1 cc of the ongmal suspension was 
diluted m the case of the most dilute member of the senes and v is the total 
volume contammg 1 cc of the ongmal suspension for any other member of 
the senes The quantities i>lv' and r/n are known and expenmentally 

determmed, respectively Then i»/»' is plotted agamst A straight 

Ime should result of mtercept p and slope p'f 
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In Fig 2 a dilution senes on duck erythrocytes in 0 90 per cent NaCI is 
plotted as outlined above It may be seen that the first six points fall on a 
straight line mtlun the experimental error and that the last three pomts are 


fldope”^'/ 


- Intercept "yo' 


Fio 2 Dilution senes on duck eiythrocytes 

slightly but dcfimtely above the hne. The mtercept is 0 172 ± 0 002 and 
the slope 0 323 ± 0 001 Therefore p' = 0 172 ± 0 002 and / * 1 88 ± 0 02 
The agreement between this value obtained by conductance measurements, 

1 88, and the value predicted by the theory from dlr^ measurements of 
the cells, 1 85, is satisfactory The same data are "^^Table IVir^ 
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It may be seen that the agreement is good except for the last three points 
The deviations at high concentrations are probably caused m part at least 
by a distortion of the cells as they crowd together It should be noted 
that the deviations are opposite m direction to those which would occur 
if the cell membrane were not completely non-conducting under the condi- 
tions of measurement 


Onentalwn of Cells 

When a blood suspension in a cylmdncal conductance cell is stirred by a 
pulsating air jet and then resistance measurements made at 30 second 
intervals it is found that the resistance slowly nses untd a constant value 


TABLE IV 


Dihdton Senes of Red Cells of Duck tn 0 90 Per Cent NaCl 


0 9 per cent NnCl 
added to 5 0 ml of 
suspension 

ft resistance of 
suspension 

fi/rn 

P 

Calculated /rom 
conductance 

p 

Calculated from 
dilution 

ml 

ohms 


■■■■ 


0 

5460 

6 68 



1 


3 91 



2 


2 88 



3 

1980 

2 42 

0 436 


5 


1 98 

0 343 

0 344 

6 


1 87 

0 316 


8 

1360 

1 66 

0 259 


10 


1 56 

0 229 

BPB 

15 


1 39 

0 172 



IS obtamed The phenomenon is what would be expected to occur if the 
cells were onented by stimng and then slowly assumed random onentation 
after the cessation of stirnng 

That onentation occurs is mdicated by the silky moir6 pattern on the 
surface of blood as it is swirled m a beaker It is further demonstrated by 
consecutive hght transmission measurements through a thm flat chamber 
containmg blood at rest and then m larmnar flow The optical cell is 
moimted m place of the absorption cell m a photodectnc photometer (6) 
In the dilute suspensions of duck erythrocytes employed the transmission 
mcreases 15 to 20 per cent as soon as the suspension is allowed to flow and 
remams constant durmg flow When the flow is stopped the transmission 
slowly decreases until the ongmal restmg value is attamed, mdicatmg that 
the onentation has agam become random The effect is not stribngy 
dependent upon the wave length 
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In order to study the effect of 
onentabon upon conductance 
sunilar flow cells were con 
structed In the first cell (Fig 

3) coanal conical electrodes of 
the Shedlovsky type (7) were 
fused into a cylindrical tube 
so that the electrical field would 
be parallel to the line of flow 
In a second conductance (Fig 

4) cell the flow chamber was 
flattened and the electrodes 
placed at the sides to make the 
electrical field perpendicular to 
the line of flow of the suspen- 
aon The chamber actually was 
idenUcal with that of an Abram 
son electrophoresis cell (8) 
When the flow is lammar the 
particles line up with their long 
axes parallel to the stream lines, 
and if the particles are fiat the 
flat surface onents parallel to 
the wall of the flow chamber 
In cell I the effecbve target 
area offered by the paxtacles in 
distortmg the electneal field is 
shown m Fig 1 (m) which repre- 
sents the projection of the ori- 
ented cells on the electrode The 
corresponding projeefaon for cell 
n IS shown m Fig 1 (n) 

In Table V are presented the 
predicted resistances m cells I 
and H containing suspensions of 
particles of different shapes m 
equal volume concentrabon, on 
ented at random and m the posi 
bons obtamed m the flow cham 
bera The calculations are made 



Fio 3 Cell I — viscometer fotm of am 
ducUnce cell for flow measurements with long 
sTrs of particles para lle l to the electnc field. 



Fio 4 Viscometer crtl H The onenta 
tion of particles is with the long ams peipen 
dicular to the external field and the^^ther two 
axes are h 


re 
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for 30 per cent suspensions m which the resistance of the medium is 1000 
ohms as directly measured m both conductance cells It is assumed that 
the orientation is complete and the lines of electncal force are either 
parallel or perpendicular respectively to the stream hues at every pomt 
It IS seen that under ideal conditions the resistance measurements of 
restmg and flowing suspensions can provide mformation on partide shape 
independently of other methods The hydrodynamic properties of the fiat 
conductance cell 11 are such that both spheroidal and ellipsoidal eiythro- 

TABLE V 


Theordtcal Effect of Particle Shape and Onentahon on the Electrical Resistance of a 

30 Per Cent Suspension 




Resiitance of snjpeiision 

Shape 

Axial ratio 

Random 

long axis 
parallU to field 
(celin 

Long aiix perpoi- 
dicolar to fiUd, 
intermediate axis 




parallel (cell D) 

Sphere 

111 

2071 

2071 

2071 

Rod 

2 1 1 

208S 

1947 

2158 

1 

4 1 1 

2113 

1894 

2223 

1 

6 1 1 

2126 

1876 

2251 

Disc (oblate spheroid) 

2 2 1 

2110 

1989 

1989 


3 3 1 

2165 

1951 

1951 


4 4 1 

2243 

1932 

1932 


5 5 1 

2369 

1918 

1918 

Elhpsoid 

4 2 1 

2150 

1910 

2029 

6 2 1 

2190 

1888 

2044 


4 3 1 

2196 

1926 

1963 


I 6 3 1 

2248 

1896 

1975 


5 4 1 

2282 

1914 

1938 


7 4 1 

2327 

1894 

1946 


6 5 1 

2364 

1908 

1925 


7 5 1 

2389 

1898 

1927 


cy tes project only their thin edges on the electrodes and suspensions of both 
therefore decrease m resistance dunng flow Rods on the other hand offer 
a maximum target area to the electncal field under these conditions and 
correspondmgl}' the resistance of a suspension of rods is mcreased dunng 
flow It IS thus possible to differentiate between platelets and rods 

Flow experiments m the present conductance cells have m the cases 
studied produced effects m the predicted duections but the magmtude of 
the effects is less than what would occur if the onentation were complete 
ActuaUy the flow cells are not hydrodynamically perfect and the electn(^ 
fields are not completely controlled so that the maximum effect is not to be 
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expected Data for the vanous orientation effects are presented m 
Table VI 

The method may be used to follow eiqienmentally produced shape (9) 
changes of particles m a suspension The red blood cells of rabbits sus- 
pended in isotomc sodium chloride are approximately discs and the re 
sistance of the suspension decreases during flow If a small amount of 
the medium is pipetted off after centrifugation and replaced with an equal 
volume of dilute rose bengal m isotomc sodium chlonde the cells become 
sphencal and, having become completely symmetrical, can no longer be 
onented Correspondmgly there is no decrease m resistance when the 
suspension is allowed to flow If now the suspension is agam centrifuged 
and some of the medium replaced with dilute serum the effect of the dye is 
counteracted and the cells agam assume the discoidal shape. When the 


TABLE VI 

Etpenmmtal Flow Ejects 


I^vtklci 


AxU] ntlu 

Km 

deca 

F)o« 

c«ni 

5in 

juedfana 

Dudt erythrocyto 

EUipsold 

4 8 2 9 1 

1760 

1660 

1655 


lUbblt erythrocytes 

Oblate tpheroid I 

4 3 4 3 1 

1820 

1680 

1671 

983 


RcnI 

4 1 1 

987 

968 

994 

1 790 

Cre&m I 

Sphere 

1 1 1 

4521 

1 1 

4529 

, 2360 

Sphetkal red cells | 

Sphere 

1 1 1 

1260 

1262 

1 ! 

1261 

830 


suspension is allowed to flow its electrical resistance agam decreases as it did 
m the ongmal state 


rote bessel 

Disci - 

Sr,— -reo 


ipheies 


MTCUn 


diw 

tr ^-4«D 


When horse erythrocytes are washed m isotomc sahne they become al 
most spheres If a suspension of such cells is placed m flow cell I and the 
decrease m reristance durmg flow is measured a slight effect Is obtained 
correspondmg to the slight asymmetry of the cells (random onentation con 
ductance measurements mdicate an anal ratio of about 17 17 1) The 
cells resume the discoidal shape when serum is added Correspondmgly 
after the addihon of the hraitmg amount of serum one suddenly begins 
to get a marked decrease m resistance durmg flow When more serum is 
added one begms to get erratic results due to the extensive rouleaux forma- 
tion that horse erythrocytes undergo m the presence of suflSacnt amounts 
of serum The flow effect thus provides an objective method for following 
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shape changes of erj^ocytes and should provide an objective means of 
titratmg the anbsphermg factor of rabbit cells (10) 

men erythrocytes are aggregated m rouleaux the effective shape of the 
suspended particles is that of rods The theory predicts that m cell It an 
mcrease m resistance is obtamed dunng flow of a suspension of rods and 
such was found to be the case with heparmized horse blood m which all of 
the eiythrocytes are m rouleaux However the tendency to rouleaux 
formation is so great that the rouleaux themselves aggregate m irregular 
forms so that a simple mathematical treatment is impossible The expen- 
ments with horse blood are further comphcated by the exceedmgly rapid 
rate of sedimentation 

The conductance measurements were made on a grounded bndge usmg a 
vacuum tube audio oscillator and two stages of amplification Smce 
ratios of resistances rather than absolute magmtudes were required it was 
suffiaent to make the measurements m air m a closed room m which the 
temperature vaned only a few tenths of a degree durmg a senes of measure- 
ments Blood was drawn by heart pimcture, defibnnated, and the eryth- 
roc 3 d:es suspended either m serum or isotomc sodium chlonde 

Addendum — In connection with the conductance of suspensions of onented rods 
it IS of interest that Curtis and Cole (11) measured the transverse resistance of a single 
NtieMa cell and found that the data fitted a modified form of Raleigh’s equation 
(12) for infinite rods onented with their long axis perpendicular to the electncal field 
Raleigh’s equation when thrown into the form of equation (3) gives a form factor, 
/, of 2, which may also be obtamed by equation (17) as the limiting value for large 
axial ratios Simflax equations were apphed to muscle and to nerve fibers (13) 

SUMMARY 

1 The theory of electncal conductance of colloidal suspensions has been 
extended to cover the case of elhpsoids with three axes different 

2 The results have been apphed to suspensions of elhpsoidal erythrocytes 
of birds 

3 It has been shown that fluctuations m electncal resistance of sus- 
pensions of erythrocytes after strmng are due to stre amin g onentation of 
the cells 

4 The theory has been extended to cover four cases of onentation and 
tested experimentally m specially designed flow cells by electncal and 
optical methods 

5 Apphcation of the flow method to the study of the shape of colloidal 
particles is discussed 
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I 

INTRODTJCnON 

Analysia of the temperature coefBaents of chemical reactions has In 
certain cases thrown hght on themecbanlsm of the reaction Attempts have 
been made to interpret the action of temperature on biological reactions m 
the same way Croner (1924-25) has emphasued the importance of master 
reactions m controlling the temperature coefficient, while BSlehrideL (1935) 
has stressed the part played by diffusion, and the viscosity of the medium 
m which the reaction occurs 

The present paper describes experiments in which the rate of respiration 
by B co'eus has been measured at temperatures within the range 11 to 
27®C , at different pHs, and in different concentrations of sodium chloride 
The data are then mterpreted in terms of the hypotheses advanced by 
Croaer and B€Ichr4dek, 

n 

EXPERIMENTAL PEOCEDUEE 

The material and methoda were the same as those used in prevxma studies on this 
organism (Ingram 1939 o aud b) Buffered »a»penakmf of washed cells of B emus 
were mixed with an equal volume of distilled water or salt solution and the rates at which 
oxygen was consumed by these mixtures were measured m Barcroft differential manom 
ctera. The manometers were placed in tbennostats, where thdr temperature was mam 
tained to d=0^C. 

Two methods were used for the comparison of the rates of oxygen consumption at 
different temperatures with those at 25*C The first method employed In the expen 
ments at pH 6 0 involved the preparation of two comparable scries of suspensions, these 
were compcired at 25®C. as a check on their similarity after which one senes was kept at 
this temperature, and the other was placed In a thermostat at some other temperature 
for comparison with the standards These measurements were In some cases made up 
to IS hours after the preparation of the suspensions, by which time the exponential 
decline of the rate of respiration (with tune) was well under way (Ingram, 1939 o) 
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TEMPERATURE, SALT, AND RESPIRATION 


Stier and Stannard (1937) have shown that the temperature coefficient of respiration by 
bakers’ yeast does not change when the exponential dechne of respiration sets in 
The possibility that B cercus might behave differently was tested by the use of a 
second method of comparison One senes of suspensions was employed during the 
penod of constant respiration, and alternated between the reference temperature of 
25°C and the temperature of the investigation Observations were made at pH 6 5 and 
7 5 over a considerable range of temperature, followmg this procedure This second 
method has the defect that there may be an appreciable lag m the adjustment of the 
protoplasm to change of temperature It was found, however, to give results similar to 
those obtamed by the first method, when 10 mmutes were allowed for adjustment to 
take place 

m 

Expentnenlal Data 

The equation used by Arrhenius (1889) to express the efiFect of tempera- 
ture on the veloaty of a chemical reaction is 

In (1) 

h R\Ti Ti) 

where ki and ki are the velocity constants at absolute temperatures Ti 
and T 2 respectively, R is the gas constant, and jw is a constant characteristic 
of the reaction which measures the mean energy required to activate the 
reactmg molecules When applied to a biological reaction proceedmg at a 
constant rate, this equation may be transformed mto 

, , log ri - log r, , 

/I » 4 6 - ' 
\Tt'^Ti) 

where n and fa are the rates of the reaction at absolute temperatures Ti 
and Ti Thus if equation (1) is vahd, one should obtam a straight line 
of slope ju/4 6 by plottmg log r agamst 1/T 
The data obtamed at pH 7 5 and at pH 6 5, over the temperature range 
11-27°C , are set out m this way m Figs 1 and 2 respectively These 
figures show that at pH 7 5 or at pH 6 5 the addition of sodium chloride in 
concentrations between 0 6 m and 18 m reduced the rate of respiration con- 
siderably, but that the value of ju was not changed Fig 3 gives the data 
obtamed over a more restricted range of temperature, 20-25°C , at pH 6 0 
In the presence of low concentrations of sodium chloride the rate of respira- 
tion was raised, and the value of p was increased at the same tune 
The rates of respiration given on Figs 1-3 are referred to a common basis, 
which IS the rate of respiration m distilled water at 25°C taken as 100 umts 
This corresponds to a Q 02 of about 20 It should be remarked that the 
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addition of salts to suspe nsi ons in phosphate buffers causes them to become 
shghtly more aad, so that the pHs given are only approximate This 
has been discussed in an earher paper (Ingram, 1939 b) 

The data of Figs 1 and 2 
mdicate that the value of n 
was probably less the higher 
the temperature This was 
particularly evident at low 
temperatures There was no 
evidence to suggest that the 
fall was discontmuous The 
change m the value of pi with 
temperature makes it im 
possible to compare the varl 
ous values, except when they 
are calculated over the same 
interval of temperature 
Thus, m order to compare 
the effect of temperature at 
pH 6 over the range 20 to 
2S°C with that at pH 6 5 and 
7J over the range 11 to 27°C , 
it 15 necessary to resort to 
some coeffiaent which has a 
umque value over a wide 
range of temperature. 

BElchrfidek (1935) has 
shown that the rate of many 
biological reactions may be 
related to temperature by 
means of the equation 

r — a d (3) 

r.#, log r — loa a + 6 los * W) 
where r is the rate of the re 
action at a temperature of <°C 
and a and b are constants. 

This equation may be apphed 
over a wide range of tempera 
turn with a smgle value of b, 


Fro 1 The rates of tespiraticm at pH 7.5, m tie 
presence of vanons concentrations of sodium 
cilonde. 



Fm. 2. The rates of respuation at pH 6 J In the 
presence of various concentrations of sodium 
chloride. 
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TEMPERATURE, SALT, AND RESPIRATION 


BSlehrddek (1935)^ believes that both the presence o: 
change in the water content of protoplasm result in chang 
viscosity, and thus in the temperature coefficients of all mt 
This view has been criticized by Stiles (1930) on the grou; 
changes need not be reflected in rates of metabohsm It 
likely that the viscosity of the protoplasm of B cereus was 
by change of pH over the range 6 0 to 7 5 or by addition o 
m concentrations up to 1 8 m within this pH range, especu 
marked diminution in the volume of the cells in salt so 
B ccrcns shrink to less than 80 per cent of their initial vole 
m 2 M sodium chloride (wnter’s unpubhshed observation) 
proteins is markedly reduced by the presence of salts ( 
1929), except near the isoelectnc pomt where it is vei 
fluctuations of pH (Pauh and Matula, 1933) and it is prob 
lytes bring about sunilar changes in protoplasm Chamb( 
(1925-28) showed that sodium salts reduce the viscosity of 
Jacobs (1922) and Prdt (1926) have shown that small £ 
produce a sunilar effect Thus adoptmg the view that a d 
plasmic viscosity results in decreased temperature coeffic 
expect salts or acidity to reduce them considerably The 
that this does not occur, so that it is improbable that the 
protoplasm determines the temperature coefficient of respiri 
The values of fi calculated from Figs 1-3 approxima 
16,700 calories, which is beheved by Crozier (1924-25) 
processes controlled by an iron dehydrogenation It is 
deduce the changes of fx with temperature from these figun 
evidence to suggest that there are critical temperatures a 
changes occur, such as have been postulated by Croa 
(1930-31) The values of calculated from Figs 1-3 are a 
range 13 to 27°C , and observations at lower temperatures! 
as bemg obviously mconsistent with these values It is ] 
the present case a dehydrogenation is involved, for theinhit 
bon m B cereus by salts is due to inhibibon of the dehyd 
limit respiration (Ingram, 1938, c/ also Quastel and Wo 
Further, when it is remembered that the increase m the te 
ficient m dilute salt solubons is assoaated with an mcreas 
metabohsm, the master reaction concept may be seen to pi 
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able e3:planation of the phenomena The inhibition observed when salts 
are added is that of a hmiting reaction, and this is likely to remain limitmg 
iTits rate is lowered The constancy of the temperature coeffiaent durmg 
inhibition of respirabon may thus be regarded as the result of the slowing 
of a reaction, already the slowest. 

It imght further be supposed that the alteration on stimulation could 
represent the beginning of a change-over to a newmaster reaction Such a 
plan would be unsatisfactory from a quantitative pomt of view Burton 
(1937) has demonstrated that verv large changes m the relative rates of 
reactions are necessary before one can become "master” over others m the 
determmation of a temperature coeffiaent. In the present experiments the 
temperature coeffiaent changed appreciably with an maease of less than 
20 per cent in the rate of respiration 

The work descnbed above was earned out as part of the program of the 
Food Investigation Board, and is published by per miss ion of the Depart 
ment of Saentific and Industrial Research 

v 

SUUMAiY 

Measurements were made of the rate of consumption of oxygen by sus- 
pensions of B cemti, m sodium chlonde solutions of concentration up to 
18 m and over a range of pH from 6 0 to 7.S It was found 

1 That the temperature coeffiaent was independent of the presence of 
sodium chlonde in concentrations between 0 2 and 18 m, although the 
rate of respiration was lowered considerably under these conditions 

2 That m the presence of concentrations of sodium chlonde less than 
0 2 m, the rate of respiration was maeased, and so was the temperature 
coeffiaent. 

3 That smnll changes m the temperature coeffiaent occurred when the 
pH was changed. The temperature coefficient was higher the higher the 
rate of respiration 

These data may be more readily mterpreted by the hypothesis that the 
temperature coeffiaent is controlled by some master reaction, than by that 
which supposes that the temperature coeffiaent is determined by proto- 
plasmic viscosity 
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